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ABSTRACT
Niobium cavities are important com ponents in m odern particle 
accelerators b ased  on superconducting radio frequency (SRF) technology. 
The interior of SRF cavities a re  cleaned  and polished in order to produce 
high accelerating field and  low power dissipation on the cavity wall.
Current polishing m ethods, buffered chem ical polishing (BCP) and electro­
polishing (EP), have their ad v an tag es  and  limitations. W e seek  to improve 
current m ethods and explore laser polishing (LP) a s  a  g reener alternative 
of chem ical m ethods.
The topography and removal rate of BCP at different conditions (duration, 
tem perature, sam ple orientation, flow rate) w as studied with optical 
microscopy, scanning electron microscopy (SEM), and  electron 
backscatter diffraction (EBSD). Differential etching on different crystal 
orientations is the  main contributor to fine grain niobium BCP topography, 
with gas  evolution playing a  secondary  role. The surface of single crystal 
and  bi-crystal niobium is sm ooth even after heavy BCP. The topography of 
fine grain niobium d ep en d s on total removal. The removal rate increases 
with tem perature and surface acid flow rate within the rage of 0 -2 0  °C, 
with chem ical reaction being the  possible dom inate rate control 
m echanism . Surface flow helps to regulate tem perature and avoid gas  
accum ulation on the surface.
T he effect of surface flow rate on niobium EP w as studied with optical 
microscopy, atomic force microscopy (AFM), and power spectral density 
(PSD) analysis. Within the  range of 0 -3 .7  cm/s, no significant difference 
w as found on the  removal rate and the m acro roughness. Possible 
im provement on the micro roughness with increased  surface flow rate w as 
observed.
The effect of fluence and  pulse accum ulation on niobium topography 
during LP w as studied with optical microscopy, SEM, AFM, and PSD 
analysis. Polishing on micro sca le  w as achieved within fluence range of
0 .5 7 -0 .9 0  J/cm 2, with pulse accum ulation adjusted accordingly. Larger 
a rea  treatm ent w as proved possible by overlapping laser tracks at proper 
ratio. Com parison of topography and PSD indicates that LP sm ooths the 
surface in a  way similar to EP. The optimized LP param eters w ere applied 
to different types of niobium surfaces representing different s tag e s  in 
cavity fabrication. LP reduces the sh a rp n ess  on rough surfaces effectively, 
while doing no harm to sm ooth surfaces. Secondary ion m ass 
spectrom eter (SIMS) analysis show ed that LP reduces the oxide layer 
slightly and  no contam ination occurred from LP. EBSD show ed no 
significant change on crystal structure after LP.
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Surface Polishing of Niobium for 
Superconducting Radio Frequency 
(SRF) Cavity Applications
CHAPTER 1
Introduction
1.1. M otivation
1.1.1. Accelerators and superconducting radio frequency (SRF) 
technology
Particle accelerators are a vital scientific research tool, serving high energy and 
nuclear physics since their earliest days. Their continuing progress depends on 
continuing progress in accelerator science and technology; the Large H adron Collider 
(LHC) and the envisioned International Linear Collider (ILC) are the m ost visible 
exam ples. Elsewhere, advanced particle accelerators are gaining increased attention as 
drivers for next-generation light sources; the Linac Coherent Light Source (LCLS) I & II 
are examples.
The m ost significant barrier to progress in all cases continues to be the initial and 
operating costs. Superconducting radiofrequency (SRF) technology, though itself costly, 
has reduced the “unit cost o f beam ” to make the present generation of frontier m achines 
viable. The future depends on further cost reductions. A major target is the cryoplant 
investment and electric pow er to operate at the 1.8 K  -  2 K temperature required by 
today’s solid niobium  technology. W hile alternative materials may em erge as an option 
eventually, proposed and existing SRF m achines will depend on solid niobium. Energy 
consum ption in SRF accelerator cavities is described by the cavity quality factor, Qo, the
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ratio o f resonant m icrowave energy stored in the cavity and available to accelerate 
particles, to the energy deposited in the cavity w alls, which must be (expensively) 
rem oved by the cryosystem . The m ost com m on representation o f accelerator cavity 
perform ance is a plot o f quality factor versus acceleration gradient (Figure 1.3). A 
detailed discussion appears later. For the present, suffice it to note that im proved 
perform ance m eans higher Q0, especially at high gradients.
Particle accelerator projects and facilities are w idely spread around the w orld and 
have several categories according to the usage o f the beam . Table 1.1 sum m arizes some 
exam ples o f past, present and future projects.
Table 1.1. Exam ples o f particle accelerator projects
C ircular and 
linear collider
LEP and LHC [1] ( European Center for N uclear Research-CERN), 
H ERA  [2] (D eutsches Elektronen-Synchrotron-D ESY ), Tevatron [3] 
(Ferm i National A ccelerator Laboratory-FNA L), Electron-positron 
Storage Ring (CESR) [4] (Cornell), Relativistic H eavy Ion Collider 
(RHIC) [5] (Brookhaven N ational Laboratory-BNL), ILC [6], Com pact 
L inear C ollider (CLIC) [7], TRISTA N  [8] and B-factory [9] (KEK, 
Japan), BEPCII [10] in China, etc.
Synchrotron 
light source
SOLEIL [11] (France), Shanghai Synchrotron Radiation Facility 
(SSRF) [12] (China), N ational Synchrotron Light Source (N SLS) [13] 
(BNL), D iam ond Light Source [14] (UK), A dvanced Light Source 
(ALS) [15] (Law rence Berkeley National Lab-LBNL), A dvanced 
Photon Source (APS) [16] ( Argonne National Lab-A NL), European
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Synchrotron Radiation Facility (ESRF) [17] (Grenoble, France), etc.
Free Electron 
Laser (FEL)
European XFEL [18] (DESY), FLASH [19] (DESY), Linac Coherent 
Light Source (LCLS) [20] (SLAC), FEL (Jefferson Lab) [21], etc.
Fixed target 
beam
Continuous Electron B eam  A ccelerator Facility (CEBAF) [22] 
(Jefferson Lab), Facility for Rare Isotope Beam s (FRIB) [23] (M ichigan 
State University), Spallation Neutron Source (SNS) [24] (O ak Ridge 
N ational Laboratory-ORNL), SPIRAL2 [25] (GANIL, France), ISAC-II 
[26] (TRIUM F, Canada), European Spallation Source (ESS) [27] 
(Sweden), etc.
These accelerators, m any o f which use SRF technique, bring advances in 
fundamental physics, applied research and technology. Collaboration around the world 
enhances com m unication w ithin the scientific com m unity and econom ic developm ent 
between countries.
1.1.2. SRF cavity
Radio frequency (RF) cavities are used to provide energy to particles in particle 
accelerators. Such RF cavities can be categorized into norm al conducting and 
superconducting (SRF) cavity varieties. N orm al conducting cavity is m ade of copper and 
operates at room  tem perature with w ater cooling. They can reach very high accelerating 
gradient (Eacc) o f hundreds o f M V/m  but only in pulsed mode, due to heating o f the 
cavity. Superconducting cavities are mostly made o f niobium  and operate at temperatures 
of 2 - 4.2 K with liquid helium  cryostat cooling. They can reach an Eacc of 50 M V/m  in
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continuous wave (CW ) mode. N iobium  SRF cavities can achieve quality factors (Qo) 105 
to 106 times that o f copper norm al conducting cavities [28]. The advantages o f SRF 
com pared with normal conducting R F are reduced RF capital and reduced RF-associated 
operating costs due to the low cavity w all losses [29].
SRF cavities are hollow  metal structure with different shapes and often a wall 
thickness of about 3 mm. The scope o f the thesis focuses on bulk niobium, which is used 
in most projects nowadays. Research efforts o f depositing niobium  thin film  on copper 
cavity and using other superconducting m aterials to substitute niobium  are on-going at 
several institutes. The electro-m agnetic field distribution inside SRF cavities varies 
depending on their shapes and operating modes. Figure 1.1 is a picture o f an ILC nine­
cell cavity. And Figure 1.2 shows schem atically the field distribution within a single cell 
elliptical cavity. For the com m only used TMoio mode, the peak electric field is at the iris, 
and the peak magnetic field  is at the equator.
Figure 1.1. N ine-cell 1.3 GHz superconducting niobium  cavity for ILC design baseline
[ 3 0 ]
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Figure 1.2. Electric and m agnetic field distribution w ithin a single cell [28]
O ne im portant figure o f m erit for R F cavities is the quality factor Qo, also called the 
intrinsic Q of the cavity. It describes the ability o f a cavity to store energy. It is the ratio 
of stored pow er in the cavity to the dissipated pow er on the cavity inner wall. Given 
cavity geom etry, Qo depends on the m icrow ave surface resistance o f the metal, usually in 
the order of 109 - 1010. A nother im portant characteristic o f  an RF cavity is the average 
accelerating field, Eacc, which describes the ability o f a cavity accelerating a particle, 
from  a few M V /m  up to 50 M V/m. The Qo-Eacc curve is usually the benchm ark used to 
evaluate the perform ance of a cavity in the SRF com m unity.
Theoretically the accelerating gradient o f SRF cavities is lim ited by the superheating 
m agnetic field, when the transition from  superconducting to norm al conducting happens. 
In reality, SRF cavity perform ance is usually low er than this theoretical value and often 
limited by a few other m echanism s, such as field em ission and multipacting, before
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reaching theoretical limit. The lim iting m echanism s are often related to surface impurities 
and/or defects. For norm ally functioning cavities, Q-slope could happen at low and 
medium field due to variation o f the surface resistance, as shown in Figure 1.3. Poor 
functioned cavities could show significant Q drop at low gradient, such as Q -disease and 
Q-switch [28]. The end o f the Qo-Eacc curve is usually caused by a quench, in which a 
therm al breakdown (a significant loss o f superconductivity) is caused by different 
m echanism s, such as local hotspot or defects, or global heating effect.
High field
Low field Medium field 
Q-slope Q-slope
Figure 1.3. Q -slope and Q-drop in Qo-Eacc plot [31]
Field em ission is an im portant factor lim iting cavity perform ance at gradients below 
25 M V/m [28]. High electric field regions on the cavity surface are m ost susceptible to 
field em ission. The em itted electrons could consum e significant am ount o f RF power. 
Accelerated by the electrom agnetic field, they could hit the cavity wall, produce heat and 
generate x-rays. They could also knock out more electrons by im pacting the cavity wall 
and cause m ultipacting if a large num ber o f electrons were build up under certain 
resonant frequency. Field em itters could be particles or sharp features introduced during 
the surface treatm ent or cavity assembly. Some o f them  can be rem oved by RF 
processing or "conditioning", while others cannot.
7
Q slope happens through alm ost the entire Qo-Eacc curve, w ith different behaviors at 
different stages, so called low field Q-slope, m edium  field Q-slope, and high field Q- 
drop. Several m odels have been proposed to explain this phenom enon and fit the 
experim ental data [31] [32] [33], Q slopes at m edium  and high field are RF losses caused 
by local defects ("hot-spots") on the cavity [32] [34] [35], and occur in the high magnetic 
field region o f the cavity. The source o f the hot-spots could be magnetic vortices, lattice 
dislocations and/or vacancies near the surface, hydrogen [34]. A magnetic field 
enhancem ent m odel suggested surface sharp features could be responsible for 
degradation o f high-field Q [33].
Quench, also know n as the therm al breakdow n, starts from  Joule heating at local 
defects or global losses. And when the heat transport through the cavity wall is not fast 
enough to m aintain the superconducting state o f the m aterial, a norm al conducting region 
appears and grows, resulting in m ore pow er dissipation, and eventually cavity 
breakdown. M ethods to overcom e early therm al breakdown include: repairing defects by 
local or entire cavity surface treatm ent; raising therm al conductivity of niobium  by 
im proving purity (or increasing RRR) o f the m aterial, such as heat treatm ent; coating thin 
films o f niobium  on copper, etc.
1.1.3. Surface resistance
In an SRF cavity filled with RF power, electrom agnetic field enters the 
superconducting niobium  surface w ith ~40 nm  penetration depth (X) (the intensity o f the 
field inside the niobium  falls o ff exponentially from the surface at ~ e ^ x^ )  and interacts 
with charge carriers, causing RF pow er to dissipate onto the cavity wall, described by an 
effective surface resistance (Rs ). The quality factor Q0 can be calculated from Rs :
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where G is a geom etry constant which depends on the cavity shape and m ode but not its 
size.
This effective resistance is an average value representing the property o f the entire 
inner surface, w hile in reality the surface resistance is not uniform. A sim plified form  of 
the surface resistance for Tc/ T  >  2 and frequencies m uch sm aller than 1012 Hz is [36]:
Rs = A ( l / 7 ) / 2e - A(r)/fcT +  R0 
where A is a constant depending on m aterial param eters.
The M attis-Bardeen theory [37], based on BCS theory [38] and anom alous skin 
effect theory [39], has been used to explain RF surface resistance in the low field limit. 
The B CS-M attis-B ardeen surface resistance, R b c s , depends on the tem perature, the RF 
frequency, and the energy gap 2A o f the surface m aterial. It decreases exponentially with 
tem perature and increases as the square o f the RF frequency below  10 G H z [29]. W hen a 
1.5 GHz cavity is cooled to below  2 K, the BCS resistance becom es less than 20 nQ  [29]. 
G iven tem perature and frequency, the m agnitude of surface resistance also depends on 
material param eters, such as the London penetration depth XL (64 nm  for pure Nb), Fermi 
velocity, and the electron m ean free path (/), which characterizes material purity. 
However, at T  <  0 .2Tc the surface resistance does not fall exponentially with 
temperature tow ards zero as predicted by BCS. Rather, there are always some residual 
losses which are tem perature independent. Taking the residual resistance into account, 
now a com m on understanding is that surface resistance (Rs) is com posed o f BCS 
resistance ( R b c s) and residual resistance (R o) .  Residual resistance may com e from  surface 
im purities introduced by chem ical etching and machining. A dditionally, surface defects,
trapped magnetic flux, hydrides and oxides are also responsible for increased surface 
residual resistance. The lowest Rs reached by a well prepared niobium  SRF cavity is 1-2 
nQ at 1.3 GHz and 1.6 K [29].
The perform ance o f SRF cavities is closely related to surface resistance. Lower 
surface resistance m eans higher quality factor, which will reduce the cost o f operating 
SRF cavities. Surface resistance strongly depends on the surface layer o f the cavity inner 
wall, which means the surface preparation technique is critical to cavity perform ance.
1.1.4. Effect of topography on SRF performance
M aking SRF cavities from  bulk niobium  started in the 1960's [40]. Buffered 
chem ical polishing (BCP) was soon applied to clean the interior o f niobium  cavities [41]. 
E lectropolishing (EP) was developed later [42] to achieve sm oother surfaces. People 
realized that sharp features were likely to be associated with the known perform ance 
deficit o f SRF cavities, such as Q-drop at higher gradients, due to m agnetic field 
enhancem ents [43] [33]. A step with a 20° slope angle and a 5 pm  radius of curvature at 
the transition corner, for exam ple, gives a local field enhancem ent o f 1.6. Field 
enhancem ent values for grain boundaries on typical BCP surfaces can be as large as 2.5 
[33]. W hen a local m agnetic field is sufficient to exceed the critical field of 
superconducting niobium , norm al-conducting volum es are form ed locally. Even if this 
may be too small to trigger a general quench (in contrast with bigger defects like pits), 
the cum ulative effect will reduce Q0 significantly with increasing gradient until a quench 
occurs. M ost recently, a numerical model has been developed to connect inner surface 
topography to SRF cavity perform ance [44], so that the cavity perform ance can be 
calculated from  its interior topography, as shown in Figure 1.4. Model calculations
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indicate, for exam ple, that the topography resulting from  B C P m ay be expected to 
adversely im pact perform ance for gradients above -14 -18  M V/m .
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Figure 1.4. M odel-predicted Qo using representative BCP surface topography (diamond), 
experim ental data for C EB A F prototype cavity LL002 w ith B C P (dot) and EP (square) 
surfaces [44]
Put it simply, sm oother is better. "Smoother" m eans elim inating both large defects 
that cause early quenches and small features that contribute to Q -drop. A nd that is why in 
recent years the aim has been applying surface science to SRF cavity fabrication and 
paying attention to understand and control the topography.
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1.1.5. Cavity fabrication and surface preparation
As m entioned previously, the inner surface o f SRF cavities plays an im portant role 
in their perform ance. The inner surface preparation becom es critical and great care is 
needed to achieve high perform ance. The current practice o f  cavity production is based 
on state-of-the-art know ledge gained from  accum ulated experience. Research aim ing at 
understanding and im proving current practice is still going on. A nd the practice is 
updating accordingly w ith new insights, to achieve better perform ance and low er cost. 
The exploration o f new insights mostly falls in the field o f m aterial science.
N iobium  sheets are produced from  ingots and shaped into SRF cavity walls. 
M echanical steps in fabricating a cavity from  sheet material include deep drawing, 
cutting, lapping, w elding, and tuning. Between these steps, optical inspection is used to 
identify defects; chem ical etching and m echanical grinding are used to rem ove defects. 
Once m ajor m echanical steps are finished, a bulk rem oval about 100 pm  is done by 
chem ical polishing (or electrochem ical polishing, depending on project), to remove 
dam age layers caused by m achining and achieving a sm ooth surface. High pressure 
rinsing (HPR) is used to rem ove residuals from  chem ical polishing. H eat treatm ent is 
often used after wet chem istry or towards the end to rem ove hydrogen.
Buffered chem ical polishing (BCP) is the traditional way for bulk rem oval o f the 
m aterial. The m ost used BCP acid consists o f 49%  hydrofluoric acid (HF), 69.5% nitric 
acid (H NO 3 ), and 85% phosphoric acid (H 3 PO 4 ) in a volum e ratio o f 1:1:2 or 1 : 1 : 1  
depending the etching rate needed. It is the fastest and most convenient m ethod am ong all 
other choices. The etching process is not lim ited by cavity shape. But the nature o f 
chem ical etching results in a surface finish w ith sharp edges. The surface RMS roughness
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is about 5 -1 0  pm  for fine grain niobium  [36]. BCP is often used in bulk removal of 
niobium.
Electropolishing (EP) rem oves the material through electricity and chem icals. The 
w idely used EP acid is a m ixture of 49% hydrofluoric acid (HF) and 96%  sulfuric acid 
(H2SO4) at a volum e ratio o f 1:9. The niobium  cavity to be polished is the anode and high 
purity alum inum  is used as the cathode. W ith both electrodes im m ersed in the acid, a 
voltage from  8  to 16 V is applied on them, and the current density is kept around 10-50 
m A /cm  [36]. The cavity can be oriented horizontally or vertically during EP. For 
horizontal setup, the cavity is 60% filled with the acid and rotates along its longitudinal 
axis at a speed o f 1-2  rpm. The acid flows into the cavity through holes on the alum inum  
tube inserted through the cavity center, and flows out o f the cavity through the end 
groups on both sides. For vertical setup, the niobium  cavity does not need to rotate. The 
acid flows in from  the low er end, fills up the cavity and flow s out from  the upper end. 
Stirring arm s can be attached to the alum inum  cathode for agitation. Due to its complex 
setup, EP is m ainly used on elliptical cavities and only in certain case on cavities with 
com plicate shapes [45]. Although much slow er and com plex, EP could achieve the 
sm oothest surface on m icro scale and enhance cavity gradient. Therefore it is more and 
more used for last step polishing. EP can produce a surface root-m ean-square (RM S) 
roughness below 0.5 pm  [36],
Centrifugal barrel polishing (CBP), also called tum bling, is a type o f mechanical 
polishing. It was applied to niobium  cavities to some extent m ostly at K EK  and DESY 
years ago [36], and many labs around the w orld are doing research on CBP recently [46], 
It rem oves material by using abrasive media rubbing against cavity inner surface under
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the centrifugal force during tum bling o f the cavity. D ifferent sized solid m edia mixed 
with liquid are filled into the cavity, and the cavity is rotated in a horizontal orientation at 
-1 0 0  rpm. The surface finish could be m irror like w ith a RM S roughness o f 1 -2  pm  [36]. 
It has low er rem oval rate than the chem ical methods, but has avoided using hazardous 
chem icals and can elim inate defects. However, a light chem istry is usually needed after 
CBP to achieve good perform ance. This m ethod has not been used on large scale 
production yet.
The surface preparation practice o f  SRF cavity production differs from  lab to lab and 
from  project to project. For exam ple, ILC and X FEL use EP for bulk rem oval, 2 hours 
800 °C baking for degassing/annealing, EP for light rem oval, 48 hours 120 °C baking; 
JLab 12 GeV uses BCP for bulk rem oval, 10 hours 600 °C baking for 
degassing/annealing, EP for light rem oval, 24 hours 120 °C baking; Cornell ERL used 
BCP for bulk rem oval, 4 days 650 °C baking for degassing/annealing, BCP for light 
rem oval, 48 hours 120 °C baking [47].
Optical inspection is an im portant surface quality control method. It helps keep track 
o f surface m odification such as electron beam  welding, cavity  repairing, and surface 
treatm ents. Localized exam ination is also perform ed after cold RF test on area predicted 
by tem perature m apping and second sound. M ost industrially available optical system s do 
not work well on SRF cavities due to lim ited space, com plex shape, and big surface area 
(-1  m  ) o f the cavities. Laboratories have developed specialized cavity inspection 
system s o f their own. Figure 1.5 shows the optical inspection apparatus used at Jefferson 
Lab [48], Com m ission o f a new vertically oriented system  for inspecting and 
characterizing the interior surface topography is underway at Jefferson Lab [49] (Figure
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1.6). This will provide quantitative topographic inform ation inside a cavity without 
destroying the cavity.
Figure 1.5. Optical inspection apparatus for SR F cavities at Jefferson Lab [48]
Figure 1.6. The CavitY  CaLibrated Optical Profilom etry System  -  CYCLOPS at 
Jefferson Lab [49]
1.1.6. Study on surface polishing methods
BCP on niobium  SR F cavity started in 1970 [41], Since then, surface etching using 
BCP has been com m only used [50], and some know ledge of this polishing m ethod has 
been gained by surface characterization [43], One advantage of BCP over EP is, it is not
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lim ited by cavity shape, w hether elliptical [51] or other shapes [52] [53]. It is claimed 
that BCP cavity perform ance at high field is limited by the sharp features introduced by 
the etching process, com pared with EP which does not introduce any sharpness [54] [55] 
[56] [57], Since the m ain advantage o f EP over BCP is the smooth grain boundary, BCP 
supporters proposed using large grain material for cavity fabrication to reduce the amount 
of grain boundaries [58] [59] [60] [55],
EP o f niobium  was originally developed at Siem ens back in 1971 [42]. It was 
brought to attention to the SRF com m unity by Kenji Saito [61]. EP is the preferred 
polishing m ethod for high gradient projects [62]. M echanism  study on the com m only 
used recipe [63] and exploration o f HF free EP recipe [64] [65] is am ong the major R&D 
topics for EP. There are other issues during EP such as sulfur precipitation from  the 
electrolyte [6 6 ] [67] [6 8 ] [69] [70] [71].
W hile chem ical m ethods such as BCP and EP are w idely in use and effective, the 
search for greener alternatives has never stopped. CBP was introduced around 2001 [72] 
and has been under fast developm ent in many labs.
Laser polishing (LP) o f niobium  is a candidate proposed recently, which is 
com pletely different from  traditional chem ical and m echanical polishing methods. It has 
the advantage o f no w et chem istry and fast processing. By controlling the power density 
delivered onto the m etal surface and the delivery rate, it is possible to achieve partial 
m elting o f the surface. Partial melting sm oothens any sharp features on the surface while 
keeping the basic shape o f the background.
O ther surface processing methods not within the scope of this thesis are plasm a 
etching and plasm a cleaning. Plasm a etching rem oves material by applying RF pow er to
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ionize etching gas m ixture (oxygen and chlorine at certain ratio) inside the cavity. Plasma 
cleaning is a m ilder w ay o f getting rid o f contam ination particles on cavity inner surface. 
It is sim ilar to helium  processing (or RF processing), which is a m ethod often used during 
cavity testing. Its advantage is that the cavity does not need to be disassem bled during 
cleaning.
1.1.7. Surface characterization
Optical and electron m icroscopies are the most w idely used for qualitative study of 
surface topography. Because they are com m on instrum ents now adays and the results are 
intuitive to understand, they are alm ost the first methods people refer to. Besides 
m icroscopies, we used som e other surface probing techniques.
Surface topography is m easured by stylus profilom etry and atom ic force m icroscopy 
(AFM ) in our study. In both cases, a probe m oves along a line on the surface and its 
vertical position is recorded. One w ay to evaluate the surface topography in our studies is
by roughness. The root mean square (RM S) roughness R q =  y f  is the sim plest
expression o f surface roughness. It describes the height deviation from  the average height 
over the m easured range. A BCP treated niobium  has a typical RM S roughness larger 
than 2pm  [36]. H owever, the RM S roughness can be strongly im pacted by the lateral 
distance scanned; usually Rq increases with the scanning length. In fact, this reflects the 
lim itation o f RM S roughness, where the horizontal w idth of hills/valleys is not 
considered. The concept of correlation length is introduced to address this problem . The 
correlation length is the sm allest distance above which the topography values are not 
strongly im pacted by distance any more. For fine grain niobium  used in SRF cavities, the
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correlation length is about 20-50 pm, com parable to grain size. Previous studies on 
surface roughness were mostly expressed with RM S roughness. O ur group [73] [74] [75] 
developed the pow er spectral density (PSD) method to obtain more detailed topography 
inform ation.
Pow er spectral density (PSD) provides inform ation of contributions at different 
spatial frequencies. It is obtained by perform ing a Fourier transform  o f the scanning 
probe topography data. Sharp features have more contribution at short w avelengths (high 
spatial frequencies) com pared with gentle undulations o f the sam e vertical amplitude. 
PSD am plitude is in units o f length cubed. The horizontal axis is in inverse-length units. 
Since topographic im ages of surfaces are recorded in the form  o f digitized data o f surface 
height, w hich is finite and sam pled rather than infinite and continuous, discrete Fourier 
transform  is used in our study. Due to reality, some processing o f the data is needed 
before getting the PSD analysis we need, such as bandw idth determ ination (instrum ent 
lim itation and scanning param eters), antialiasing (remove instrum ent noise), de-trending 
(rem ove the background to flatten the mean surface), and w indow ing (elim inate statistical 
instability from  discontinuity at the tw o end points) [74]. PSD data is further analyzed by 
describing them  with idealized m odels, such as fractal structure and superstructure 
models. Each model represents certain typical topography. O ne may find the measured 
PSD curves fit with these models at different frequency range. By analyzing of PSD, one 
can learn the surface evolution during different processes.
BCP treated fine grain niobium  has been found to have certain characteristic features 
in PSD analysis: pow er falls w ith increasing frequency; data at high frequencies show a 
straight line on the log/log plot indicating a pow er law function; the frequency
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dependence o f pow er at low frequency range departs from  linear and approaches a 
constant value. Interpreting with the models, at low frequencies the data fit to a shifted 
Gaussian reflecting the grain structure and at higher frequencies the straight line reflects 
the prom inent sharp edges. In contrast, PSD data from  typical electro-polished surface do 
not exhibit straight lines on a log/log plot but display two regions o f strong curvature 
[74],
Electron backscatter diffraction (EBSD) is frequently used to study the im pact of 
m echanical deform ing and m achining on crystal quality o f bulk niobium  [76] [77] [78]. It 
is also largely used in thin film  studies [79] [80]. W e w ill refer to this technique in 
Chapter 5 when we think our polishing process may have changed the crystal quality.
Energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy 
(XPS) [81] [76], A uger electron spectroscopy (AES) [81] [82], and secondary ion mass 
spectrom etry (SIM S) [83] are all used in identifying elem ents on niobium  surface after 
various treatm ents. W e used SEMS to exam ine if laser process changed the surface 
chem istry on niobium.
Surface studies have been done both on cavities and coupons. However, the 
inform ation collected from  these two types o f studies is barely interchangeable. W ith 
coupons, surface topography and chem istry study are easy to do, but RF properties 
cannot be m easured w ithout special equipment. W ith cavity testing, RF perform ance after 
certain surface treatm ent can be m easured directly. H owever, the large interior surface 
area and the num ber o f com ponents associated with testing a cavity made it difficult to 
interpret the pure contribution from  surface property confidently. Then when coupons are 
cut out from a cavity, the properties may be changed. To bridge the gap between cavity
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testing and coupon m easurem ent, radio frequency surface im pedance characterization 
(SIC) systems are developed [84] to measure the RF surface resistance of precisely 
prepared samples.
1.2. W here do w e stand?
The level o f SRF perform ance seen today is the fruit o f m any years’ effort by the 
SRF com m unity to overcom e contam inant particles, dissolved hydrogen, surface physical 
defects, reduce trapped flux, and more [36]. Recent progress is the introduction of 
electropolishing (EP) to replace buffered chemical polishing (BCP), resulting in sm oother 
surfaces and reduced (or elim inated) high-field Q-drop. A prom ising m ore recent finding 
is that suitable treatm ent in a nitrogen atm osphere followed by EP can raise m id-field Q 
to previously unattained levels [85], perhaps through control o f residual dissolved 
hydrogen.
Such findings as the foregoing and the large potential im pact o f progress makes the 
application o f surface and materials science to SRF cavities attractive to our research 
group. The w ork exam ining the effect o f the w idely-deployed BCP process on 
topography and chem istry [76] showed the need to better describe topography [8 6 ], 
especially the sharpness o f surface features thought to contribute to Q drop. The 
significantly sm oother topography obtained by EP m otivated more research to investigate 
the EP m echanism  in detail [63] [87] to define optim um  process param eters. Because of 
its im pact on perform ance, we continued to explore the m easurem ent o f topography and 
analysis o f the data in greater detail [74] [75] [8 8 ]. The culm ination of this line o f work 
was a successful modeling approach [44] to acquire topographic data and calculate the 
resulting energy deposition with increasing accelerating gradient to predict Eacc vs Qo for
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the first tim e (Figure 1.4). It is now possible to address the problem  of anticipating the 
m axim um  useful gradient for a given topography and the reverse problem , the lim its on 
topography im posed by the surface fields associated with a given cavity design.
It is useful to sum m arize here the main elem ents o f the present situation o f processes 
versus perform ance. BCP is w idely practiced, including by  com m ercial vendors. It can 
be applied to essentially all cavity shapes. It is quick (few m icrons per m inute) and of 
m odest cost. It has received little research attention since the earliest days; people simply 
use it. A possible lim iting factor is the relatively rough topography that results. 
N um erical m odelling indicates serious Q drop for gradients above the upper teens. Is this 
topography som ething fundam ental or m erely an artifact about how BCP is currently 
done? Further, there is a large legacy base of BCP-treated cavities installed in SRF 
accelerators. As these are cycled out for refurbishm ent, can anything be reasonably done 
to enhance perform ance? EP can be carried out so as to reliably obtain very smooth 
topographies that can operate at high gradients, even above 40 M eV/m . O n-going 
research continues to strengthen understanding, pointing the w ay to im proving process 
perform ance. However, EP requires a cathode to com plete the electrical circuit, the 
niobium  article being polished serving as the anode. This is readily accom plished for 
sym m etrical structures, such as the w idely em ployed elliptical cavity. It is a m uch greater 
challenge for advanced structures now gaining attention, such as fork and spoke. Further, 
typical EP delivers a material rem oval rate less than a tenth o f typical BCP, an even more 
significant penalty considering that greater com plexity of EP facilities. Since the rate of 
rem oval is controlled by near-surface mass transport of the reactive species, is it possible 
to increase rem oval rate by accelerating mass transport w ithout by the same stroke
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im pairing topographic leveling? LP (laser polishing) is only now being investigated for 
application to SRF cavities. Can it achieve topography com parable to EP? LP is a rapid 
therm al process, operating far equilibrium , contrasted w ith the lengthy, high-tem perature 
annealing typical o f present cavity manufacturing. W ill there be an effect on SRF 
properties?
A clear agenda em erges. A BCP process yielding EP-like topography would be the 
m ost desirable outcom e. The first priority is attaining a detailed fundamental 
understanding o f BCP that leads to that outcom e or to the conclusion that BCP inherently 
cannot deliver topography very different from  the present situation. If indeed the latter is 
the case, the second priority to seek how to increase the rem oval rate in EP without 
com prom ising perform ance. If progress on this front cannot be m ade, the final agenda is 
to determ ine the LP param eter range for producing EP-like topography and for treating 
discs that can be studied in the SIC instrum ent. If  LP is no t successful, the m essage to 
cavity designers is: 1.) try to keep surface fields below  values corresponding 15-18 
M eV /m  and process with BCP. 2) design sym m etric structures that can readily 
accom m odate a cathode and trade the increased process cost o f doing EP against the 
value of increased perform ance.
1.2.1. Objectives
O ur goal is to im prove polishing techniques for niobium. That includes:
•  Explore potential im provem ent in existing techniques based on a better 
understanding o f the process;
• Explore potential new techniques.
We would like to:
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•  M ake BCP surface sm oother and EP faster by changing polishing 
param eters;
•  F ind ways to achieve sim ilar surface finish as EP.
1.2.2. Challenges
Challenges in im proving surface polishing techniques include: How to make 
polishing cheaper, greener, and faster? How to evaluate the sm oothness o f the surface? 
How sm ooth is sm ooth enough? W hile developing ways to im prove current process, we 
also need to consider: How can we relate sam ple study to cavity perform ance? How to 
scale sample preparation techniques to cavities? W e m ay not be able to answ er all these 
questions in this work. But our efforts will be part o f a continuous team  w ork from  past 
[73] [84] [89] and future generation, which helps collecting pieces o f findings and putting 
together a big picture [90].
1.3. O rganization o f the dissertation
C hapter 2 presents a system atic study on the m echanism  o f BCP and the genesis of 
BCP topography. The reaction m echanism  was learned through A rrhenius plot. Factors 
affecting topography such as tem perature, polishing duration, surface flow, surface 
orientation, sam ple grain size, crystal orientation, and bubble generation were studied 
using optical m icroscope, scanning electron m icroscope (SEM ), atom ic force microscope 
(AFM ), and electron backscatter diffraction (EBSD). Then the heat and mass transfer 
during BCP were also considered.
Chapter 3 studies the effect o f surface flow rate on the finishing topography of 
niobium  during EP. N iobium  EP with different surface flow rates was conducted and the
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resulting topography was characterized by optical m icroscope, AFM , and pow er spectral 
density (PSD). The influence of surface flow was also discussed in m ass transport point 
o f view.
Chapter 4 presents the optim ization o f laser polishing param eters for niobium  by 
finding the best com bination o f fluence and pulse accum ulation. A one-dim ensional 
conduction heat transfer model was used to calculate surface tem perature profile and 
understand polishing mechanism. The topography was evaluated w ith optical 
m icroscope, SEM , A FM , and PSD. Larger area laser polishing was carried out by 
overlapping m ulti laser tracks at different ratios.
Chapter 5 presents the application o f laser polishing w ith optim ized param eters on 
surfaces prepared using different methods. The types o f surface include BCP, CBP, 
m echanical polished, and nano-polished niobium  surfaces. The effects o f laser polishing 
on topography, surface roughness, surface chem istry, and crystal orientation are 
described.
Chapter 6  sum m arizes our accom plishm ents and proposes future work. W e obtained 
further understanding in BCP and EP, which will help m aking better SRF cavities. We 
achieved encouraging result from  laser polishing, which gives hope for a gam e-changing 
future technique.
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CHAPTER 2
Genesis of Topography in Buffered Chemical Polishing 
(BCP) of Niobium
2.1. Introduction
M echanical fabrication and welding leave a dam aged layer on the niobium  cavity 
interior surface that m ust be rem oved before use. A cid etching (details below ) has been 
used since the earliest days. The resulting topography displays m icron-scale roughness 
[76], N um erical m odeling [44] indicates that such topography will significantly absorb 
RF energy a fields corresponding to gradients above the 15 -  18 M eV /m  range, making 
them  unsuitable for SRF use. Nonetheless, the process is convenient and affordable 
relative to alternatives. Further, the com plex interior geom etry o f  new SRF cavity shapes 
is quite com patible w ith acid etching. A fundam ental investigation in hope o f finding a 
path to im proved results is needed.
2.1.1. History of BCP and current practice on cavities
Buffered chem ical polishing (BCP) has been used for niobium  SRF cavities for more 
than forty years since the first report o f use in 1970 [41]. As BCP is practiced today, the 
recipe for BCP acid is usually com posed of a 1:1:1 or 1:1:2 (volum e) mixture of 69.5%
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nitric acid, 49%  hydrofluoric acid, and 85% phosphoric acid. BCP is usually the first 
choice for a bulk rem oval about 1 0 0 - 2 0 0  pm  of the surface m aterial because o f its fast 
rem oval and sim ple setup. For parts cleaning and sample etching, it is as sim ple as 
im m ersing the sam ple in the acid m ixture for certain am ount o f time, with water/ice bath 
cooling and agitation if  necessary. For large cavity etching, a closed system  with acid 
circulation and cooling is needed. In Jefferson Lab, the acid m ixture in the tank is cooled 
down below  10°C and pum ped into a vertically positioned cavity from  the bottom . The 
acid fills up the cavity and flows out from  the top. As the chem ical reaction generates 
heat, the acid needs to be cooled throughout the polishing process. The acid temperature 
should be kept below 15°C to reduce the risk o f hydrogen contam ination [50] which 
could cause "Q-disease" o f the cavity. To avoid different rem oval rates o f the upper and 
low er half cells in the vertical setup, the cavity is usually polished in tw o cycles and 
flipped over betw een cycles. A fter BCP, the cavity is extensively rinsed w ith de-ionized 
w ater flow ing through the cavity, and later sprayed with high pressurized ultra-pure w ater 
to rem ove any residuals from  the etching.
2.1.2. Current understanding about BCP
The understanding o f BCP reaction is that HNO3 oxidizes niobium  metal to niobium 
pentoxide, which is then dissolved by the HF. The actual solution species are doubtless 
more com plex. The function o f H3PO4 is to lim it the rate o f the reaction as a buffer. The 
reaction steps could be com plicated, although one possible description o f the process can 
be written as [50]:
2Nb + 10HN03 -* Nb20 5 +  10N 0 2 T + 5 H20  
Nb2Os + 6HF -* H2NbOF5(soluble) + Nb02F • 0.5H20 (n o t  soluble) +  1.5H20
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N b 0 2F • 0 .5H20  + AHF  -» H2NbFs ( s o l u b l e ) 4- 1 .5H20  
The brow nish sm oke com ing out o f the solution is NO 2 , the reduction product from 
H NO 3 . The heat o f reaction was experim entally determ ined to be about -607 kJ/mol [91], 
corresponding to 5.6 J/cm 2  per pm  removed. Copious nitric oxide (NO) is also generated 
-  nom inally about 0.3 m L per pm  rem oved for M alloch's reaction schem e [91]. Others 
envision N O 2  production instead, leading to ~ 1 m L/pm . Perhaps surprisingly, the role of 
this evolved gas seem s not to have been considered. The polishing rate (surface recession 
rate) is em pirically a few  m icrom eters per m inute, increasing w ith tem perature, though 
there appears to be no published rate study as such in the m odem  param eter range.
Since the R F electrom agnetic field penetrates only a thin surface layer of -6 0  nm  for 
niobium  at a frequency o f 1500 M Hz [43], the chem ical com position and topography of 
this layer is m ost im portant for RF perform ance. E lem ental analysis [43], especially the 
com position o f  oxide layer and its contribution to surface resistance after BCP, have been 
studied [54] [76] [92] [93],
The BC P-polished surface displays a characteristic roughness w ith dram atic height 
variation and sharp edges , in contrast with the absence o f optically visible topography 
after EP [76], Crystal orientation and m echanical deform ation can also affect surface 
roughness [77] after BCP. The sim ilarity o f feature size to the grain size, and the 
m odestly facetted appearance have led some investigators to conclude that different etch 
rates on different crystal faces are responsible. No actual m easurem ents o f crystallite 
orientation versus polishing rate have been presented, however. Traditionally, the etched 
topography has been characterized in term s o f a single param eter, typically a roughness 
num ber (e.g., Rq), with values in the few -pm  range. Rq is not sufficiently incisive since
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this value gives only the average of height variation but no inform ation about sharpness 
o f the features on the surface, and therefore the pow er spectral density (PSD) method was 
introduced [74]. PSD analysis reveals that the sharp-edged features characteristic of BCP 
develop by the first 1 0  pm  rem oval from  a nanopolished polycrystalline surface and that 
they are transform ed into a characteristic rounded topography by the rem oval of a further 
10 pm  by EP [75]. Rate m easurem ents may therefore be expected to show an initial 
transient on this scale and then a steady value encom passing nearly all further removal.
2.1.3. Goal of this study
The goal o f  the present study is to understand the genesis o f topography in BCP with 
the ultim ate aim  o f finding a path to surface sm oothness com parable to that obtained by 
EP.
2.2. E xperim ents
The experim ents aim  to accurately m easure polishing rate, to discover the im pact of 
gas generation and to reveal the association o f polishing rate w ith crystal orientation.
2.2.1. Materials
All the m aterials were from  the sheet used for cavity production. M ost were the 
standard 3 mm thick sheet having a grain size in the 50 pm  -  100 pm  range (“fine 
grained”). W e also took advantage o f the availability o f  large-grained (several cm) 
niobium  to cut some single crystals and bi-crystals at the grain boundary.
2.2.2. Static polishing rate experiments
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Sam ples were 10 x 10 x 3 m m 3 squares. After electrical discharge machining 
(EDM ) the sam ples w ere degreased and given a light (1-2 min) BCP etch to produce a 
uniform  surface state, followed by rinsing with de-ionized w ater and air drying.
The static polishing rate experim ents o f fine grain sam ples w ere perform ed in a 
plastic beaker containing a freshly m ixed 100 m illiliter solution o f HF (49%): HNO 3 
(69%): H 3 PO 4  (85%) at volum e ratio o f 1:1:2. A surrounding w ater bath was used to 
adjust the acid to the required temperature before each experim ent. The temperatures 
were 0, 10, 20 and 30°C. A group o f six fine-grain niobium  samples were put in a Teflon 
basket and placed in the acid together. A fter 1, 2, 4, 6 , 8  or 10 minutes, individual 
sam ples were taken out sequentially, rinsed im m ediately with de-ionized w ater and air 
dried. W eight and dim ensions o f the samples w ere m easured before and after treatment. 
The polishing rate w as calculated from  weight loss divided by surface area, treatm ent 
tim e and density o f niobium. Surface area before polishing was used for the rate 
calculation o f polishing rate, assum ing that the change of surface area is very small 
com pared with initial or finishing surface area. As discussed later, in no experim ent was 
the consum ption of H F sufficient to bring about a m eaningful difference in concentration 
between the beginning and the end.
For single crystal samples, a holder was used to ensure that each o f the four samples 
has only one surface exposed to the acid. Ten steps o f etching were carried out with the 
four samples placed vertically. The first five steps had duration o f 6  m inutes each, and 
the second five steps had duration o f 12 m inutes each. A total thickness about 120 pm 
was rem oved. These param eters were chosen to achieve total rem oval and topography in 
the range o f production BCP.
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The com plex shape o f real cavities assures that, in the BCP process, portions of the 
surface are present at a wide range of orientations. D ifferent rem oval rates for segments 
facing different directions might result. For exam ple, more rapid drainage o f a surface 
film  in the case a vertically positioned sample m ay bring about a higher rem oval rate than 
for a horizontally positioned facing-up sample. To explore this notion, we used a fixture 
to hold the sam ples so that their normal was pointing to three directions (up, down, and 
horizontal) during BCP, and their removal rates were m easured. Figure 2.1 shows the 
experim ental setup o f samples w ith different orientation during BCP. Prior to treatm ent 
they w ere polished to a shiny, m irror-like surface to facilitate the observation o f changes 
induced by BCP. Sam ples were polished for 6  m inutes at 20°C.
2.2.3. Rotating polishing rate experiments
To study the influence o f flow rate on polishing rate, rotating BCP was conducted at 
several speeds. Polycrystalline square samples w ith dim ensions o f 10 x 10 x 3 m m 3  were 
w eighed and inserted into the Teflon holder described in Figure 2.1. For each sample 
only one surface with an area o f 1 0  x 1 0  m m 2  w as exposed and all the other five surfaces 
were w rapped w ith Teflon tape. Therefore only one surface was polished during BCP. 
Three orientations o f the etching surface w ere selected: facing up, facing down and 
facing horizontally. The Teflon sam ple holder was mounted to one end o f a Teflon rod. 
The other end o f the rod was m ounted to a m otor to enable rotating o f the samples during 
BCP. The m otor was clam ped to an iron stand so that the rod was positioned vertically 
and the sam ple holder was horizontal and looked like a propeller. 250 ml room 
tem perature (about 20°C) freshly made BCP solution w ith a volum e ratio of HF 
(4 9 %):HNC>3 (69.5%):H3PC>4 (85% ) = 1:1:2 was added to a plastic beaker. The rotating
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speed was adjusted to required value through an external pow er supply before immersing 
the sam ples into the solution. Rotating speed we covered in this study was 0, 1, 12 and 60 
rpm. The calculated surface speeds are shown in Table 2.1. A fter BCP for 6  minutes, 
samples were taken out of the acid and rinsed w ith de-ionized w ater thoroughly. Then 
samples w ere dried in the air and w eighed again. W e chose 6  m inutes as BCP duration 
based on the static etching rate study results. The polishing rate vs. time curve drops 
exponentially at the beginning and seem s to reach a plateau after 6  minutes. Rem oval rate 
was calculated from  weight loss, etching tim e and etched surface area. For the purpose of 
topography observation, some sam ples were mechanically polished down to 0 . 1  pm  with 
polishing paper to a shiny surface, and then etched in the same process as the samples 
w ith light BCP-cleaned starting surface.
Figure 2.7. Experim ental setup of BCP with different sam ple orientations
Table 2.2. Surface speeds of sam ples facing different direction at different rotating speeds
1 rpm 12 rpm 60 rpm
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Facing up 2.3 ~ 3.4 mm/s 27 .6 -40 .2  mm/s 138.2-201.1  mm/s
Facing down 2.3 ~ 3.4 mm/s 27 .6 -40 .2  mm/s 138.2-201.1  mm/s
Facing horizontally 3.9 mm/s 46.5 mm/s 232.5 mm/s
2.2.4. Temperature monitoring during BCP
In order to m onitor the evolution o f niobium  tem perature versus time through a BCP 
process, we prepared a rectangular polycrystalline niobium  piece w ith dim ensions of 1 1 . 2  
x 33.8 x 3.3 m m 3. A hole o f 10 m m  depth and 1.06 mm  diam eter was drilled from  one 
end o f this piece along the longitude direction for insertion o f therm o couple. The sample 
was w eighed before etching. A type T  therm ocouple was inserted into the sample. The 
data from  the therm ocouple was recorded by a com puter at a rate o f 1 per second. The 
acid tem perature was m easured with another therm ocouple as a com parison. 1 0 0  ml 1 : 1 : 2  
BCP acid was added into a small plastic beaker at room  tem perature (about 20°C). The 
sample was im m ersed into the acid with a length o f 25.7 m m  exposed to the solution. The 
tem perature was m onitored during BCP under different etching conditions such as static, 
external stirring, and sample rotating. For external stirring the speed ranged from  60 rpm 
to 180 rpm. For sample rotating the speed varied from  10 rpm  to 180 rpm. A fter polishing 
for 6  m inutes the sample was taken out of the acid, rinsed thoroughly with de-ionized 
water, air dried and weighed. Rem oval rate was also obtained from  w eight loss, polishing 
time and polishing surface area.
2.2.5. Topography study
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Topography study was done on fine grain (polycrystalline), bi-crystal, and single 
crystal niobium . For fine grain niobium, tem peratures were lim ited to 10°C and 22°C and 
polishing tim es w ere 1, 3, 7, 14, and 20 minutes. A group o f specim ens were m ounted 
and polished m etallographically to obtain nm-scale surface sm oothness on one face 
(“nanopolished” )- A fter dism ounting by therm al shock, they w ere only rinsed with 
reagent grade isopropanol and air-dried. The nanopolished polycrystalline samples were 
polished in 1:1:2 BCP acid at room  tem perature for 6  m inutes w ithout agitation. The 
nanopolished bi-crystals and single crystals were polished at 20°C for 12 minutes (-3 0  
pm  rem oved) and subsequently another 80 pm  rem oved for topography study. The 
polycrystalline sam ples w ith different orientations from  polishing rate experim ents were 
also subject to topography study.
2.2.6. Characterization
Surface topography o f the sam ples was exam ined by optical m icroscopy, scanning 
electron m icroscopy (SEM ), and atomic force m icroscopy (AFM ). O ptical microscopy 
im ages w ere obtained on HIROX KH-7700 High Resolution D igital-V ideo M icroscopy 
System. SEM  was done on a Phenom  G2 Pro desktop SEM . AFM  data w ere collected 
w ith a D igital Instrum ents N anoscope IV in interm ittent contact (“tapping”) m ode with a 
tip frequency o f 300 kHz and a scan rate of 0.5 Hz. The A FM  im ages correspond to a 70 
pm  x 70 pm  area on sam ple surface.
Crystallite orientation o f the polycrystal and bi-crystal sam ples was exam ined with 
electron backscatter diffraction (EBSD), prim arily using an ED AX  Pegasus XM 4 on a 
FEI Helios 600 N anoLab at V irginia Tech.
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2.3. Results
2.3.1. Polishing rate of fine grain niobium at different temperatures
In the B C P process, H N O 3 is the oxidizing agent that changes niobium  from  m etal to 
pentoxide. H F is the dissolving agent that rem oves the niobium  oxide form ed on the 
surface o f the metal, so that oxidization can continue. During polishing, brownish vapor 
cam e out of the solution, indicating NO 2  is generated. The reaction is often sum m arized 
as:
Nb + 5HN03 + 5HF = H2NbOF5 + 5N 0 2 T +4H20
This m eans every mole o f niobium  rem oval yields 5 m oles o f N O 2  gas. The bath 
com position at the end consists o f w ater-soluble H^NbOFs and unreacted acid, ideally. 
As noted earlier, M alloch et al. [91] sum m arize the reaction differently, w ith NO  rather 
than N O 2  as the gaseous product.
Figure 2.2 shows the m easured polishing rate at 0, 10, 20 and 30°C. Each data point 
is the average value o f three samples. The plotted rates are cum ulative values over time, 
calculated by dividing the total w eight loss by total am ount o f polishing time. Therefore 
each point reflects the result o f the entire duration when the sam ple was in the solution. 
For each tem perature, the rate started high, dropped gradually with tim e and reached 
steady-state at about 6  minutes. For the same duration of BCP, the rate increases with 
tem perature from  0 to 20°C. The rate at 30°C started higher than 20°C at 1 minute, but 
fell to below 20°C after 2 minutes.
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Figure 2.8. Polishing rate o f poly crystal niobium  as a function o f polishing tim e for BCP 
at different temperatures
The observations above indicate that niobium  BCP is a reaction with positive 
tem perature dependence, so that the trend of polishing rate is understandable. A t this 
point we take note of a very early [41] study o f BCP polishing in the 20 -  50°C 
tem perature range, reporting a rate o f about 20 pm /m in, independent o f temperature. We 
return to this later.
At the beginning o f polishing, acid reacts w ith the outerm ost surface layer o f  the 
samples. H aving the highest density o f defects and w ork dam age within this layer, the 
reaction rate is often higher in this region [41]. As polishing continues to greater depth 
where the material is more uniform  with less work dam age, the reaction rate will slow 
down and reach a plateau. The law o f the mass action says the reaction rate is 
proportional to the product o f reactants’ concentrations. The rate may be described by 
pow er law kinetics: Rate = k[HNC>3 ]a[HF]b, where k is the rate constant, [HNO 3 ] and
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[HF] represent the concentration of H N O 3 and HF at reaction site. Since our 
concentrations were effectively constant, the bracketed terms may be com bined with k.
Fitting o f the polishing rate vs. polishing time shows that the curve obeys a pow er 
law. Fitting param eters are shown in Table 2.2, with the equation:
R a t e  = k  ■ t d
where Rate and t correspond to the average polishing rate o f niobium  and the polishing 
tim e t respectively, k and d are fitting constants. The quality o f the fitting is good 
according to the R square value in Table 2.2.
Table 2.3. Fitting result for polishing rate vs. polishing tim e curve
Temperature °C k d R2
0 0.81 -0.25 0.95
10 1.70 -0.23 0.91
20 3.34 -0.16 0.91
30 3.36 -0.24 0.95
The shape o f the curves looks very sim ilar to each other, indicating that similar 
process happens at all these BCP runs. Tem perature seems to affect the starting point of 
these curves and how  quickly the polishing rate decreases.
2.3.2. Polishing rate of fine grain niobium with different orientations
The sam ple orientation affects the polishing rate significantly. The polishing rate at 
six m inutes increased in the order o f facing up 1.55 pm /m in, facing down 2.7 pm/min, 
and facing hotizontally 2.9 pm /m in, at 20°C. The etching rate was alm ost halved when
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sam ple was facing up, inviting speculation that reaction product accum ulates more 
extensively, reducing the rate.
2.3.3. Polishing of fine grain niobium under different agitating 
conditions
W e investigated different ways to enhance surface flow on niobium  during BCP 
process, and com pared their effects in terms o f etching rate versus static BCP. Stirring 
was done by moving a Teflon rod in the solution near the sam ple in a circular way, with 
the speed varying from  60 rpm  to 180 rpm. Rotating was done by m oving the sample 
directly in a circular way at speeds ranging from  10 rpm  to 180 rpm. During agitated 
BCP, the tem perature o f the niobium  was recorded w ith a therm ocouple inserted into the 
sample. Figure 2.3 com pares the results o f rem oval rate under different agitating 
conditions. Figure 2.4 shows the fitting of rem oval rate as a function o f rotating speed. 
Figure 2.5 shows the tem perature-tim e curve corresponding to each agitating condition in 
Figure 2.3.
G enerally speaking, for the same etching duration o f 6  m inutes, the removal rate was 
larger with agitation than w ithout agitation. Static BCP was done twice: the first run had 
a rem oval rate o f 1.9 pm /m in; and the second run had a low er rate due to lower polishing 
tem perature, as shown in Figure 2.5, since we have already shown that BCP etching rate 
increases with tem perature. W ith stirring at 180 rpm, rem oval rate reached 3.0 pm /m in, a 
60% increase. W hen rotating the sample at 180 rpm, rem oval rate increased to 4.1 
pm /m in, more than doubled the static rate. A t 60 rpm, stirring had a rem oval rate o f 2.0 
pm /m in, while rotating sample had a rem oval rate o f 2.9 pm /m in. Rotating at 30 rpm  and 
10 rpm  even showed higher removal rates than stirring at 60 rpm. All indicated that
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rotating increased the etching rate more than stirring given the same agitating speed. The 
efficiency o f stirring depends on the shape o f the stirring tool and the location o f stirring. 
The closer it is to the etching surface, the m ore effective the agitation will be. If stirring 
happens far from  the reaction surface, the m etal/solution interface can hardly feel the 
agitation distance away.
For the rotating agitation in this study, an exponential function fits the rem oval rate 
vs. rotating speed curve reasonably well. The polishing rate as a function o f agitation rate 
can be expressed as y  =  2.6 ■ e 0 0025x, and the quality o f  the fitting R square is 0.97. This 
indicates that mass transfer also plays a role in the BCP process at room  temperature.
W e expect the rem oval rate at 30 rpm  to be higher than that o f 10 rpm , but the 
experim ent result was the opposite. This again may be attributed to the low er temperature 
(~4 °C lower) o f niobium  sam ple during the 30 rpm  run, as shown in Figure 2.5. The 
influence from  the tem perature seems more significant than from  the flow  rate in this 
case. In our experim ent setup, keeping the acid tem perature the same for each run was 
not easily achieved, and therefore the effect from  flow and tem perature were entangled. 
But the optim istic side is that we have two param eters to control the rem oval rate.
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Removal rate vs. BCP condition
Static Stirring Rotating Static Stirring Rotating Rotating Rotating 
180rpm 180rpm 60rpm 60rpm 30rpm lOrpm
Figure 2.9. Rem oval rate of niobium  after BCP under different agitating conditions, room 
tem perature
Fitting of etching rate vs. agitation
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Figure 2.10. Rem oval rate as a function o f agitation strength represented by rotating
speed
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Figure 2.11. Tem perature developm ent o f niobium  during 6 m inute BCP.
The BCP process is know n to be exotherm al so that both the niobium  and the acid 
are heated up quickly. During the BCP o f SRF cavities, agitation is usually applied by 
stirring the solution, shaking the cavity in the solution, or applying circulated etching 
solution. In this case, the agitation also helps prevent overheating by reducing the 
tem perature difference betw een the reaction interface and the bulk solution.
2.3.4. Polishing rate with different orientations and rotating speeds
In real cavity BCP process, due to the shape o f most cavities, the surfaces to be 
etched are oriented variously rather than simply in one direction as a flat sample does. 
For a mass transfer controlled process this can result in different rem oval rate for surfaces
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facing different directions. For exam ple, with the help o f gravity, a vertically positioned 
sample may have higher removal rate than a horizontally positioned facing-up sample. 
This difference in etching rate m ay cause non-uniform  wall thickness and even change 
the perform ance o f cavities. To explore this speculation, we faced our samples in three 
directions during BCP and m easured their rem oval rates. C onsidering that BCP for cavity 
production is usually conducted with circulating solution, we included the additional 
effect o f agitation in our experim ents as well. Figure 2.6 shows the average rem oval rate 
o f  6 m inutes B C P at room  tem perature, with sam ples facing the three directions and 
rotating at different speeds.
Tw o ways o f surface preparation were used before conducting the etching rate study: 
light BCP (5 -1 0  pm  rem oved) cleaning and m echanical polishing. The mechanical 
polished sam ples had a shiny mirror-like surface. A sm ooth and uniform  starting surface 
was expected to facilitate the observation o f changes induced by BCP. Com paring the 
two sets o f data in Figure 2.6, there were some fluctuations on the etching rate for the two 
types o f sam ples treated under the same condition. But no significant difference was 
noticed, and there was no obvious indication that one had higher rem oval rate than the 
other.
Regardless o f  rotating speed during BCP, etching rate increased in the order of: 
facing up, facing down and facing horizontally. For static BCP, etching rate difference 
between facing up and the other two were significant, w hile the difference between the 
other two was small. For slow rotating at 1 rpm, the etching rate differences were 
distributed evenly am ong these three. For faster rotating from  12 rpm to 60 rpm,
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horizontal-facing BCP had much higher etching rate than the other two, while facing 
down has a slightly higher etching rate than facing up.
Etching rate (BCP) vs. facing direction
B
E “ 
3
«  3 
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1 - face-up 2 - face-dow n 3 - face-horizontally
Etching rate (MP) vs. facing direction
1 2  3
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Figure 2.12. A verage etching rate of niobium  after 6 m inutes B C P at room temperature, 
facing three directions, rotating at 0 -  60 rpm: (A) Starting from  light BCP cleaned 
surface; (B) starting from  mechanical polished surface.
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A pparently, rotating the samples increased etching rates for all three facing 
directions. W ithin the range of 0-60 rpm, the higher the rotating speed, the higher the 
etching rate was. Figure 2.7 shows the curves etching rate as a function o f rotating speed 
for each direction. The starting curvature o f the curves shows a bit difference for the three 
directions. At higher rotating speed, the curves have alm ost the sam e slope.
W e noticed that the etching rate for vertical BCP in this set of experim ents were 
higher than the value in previous results in Figure 2.3. This could be caused by: 1) 
starting surface condition. Light BCP and m echanically polished surface were used for 
Figure 2.7, while heavy BCP surface was used for Figure 2.3; 2) a larger beaker used in 
this experim ent than in form er experim ent. The larger radius o f rotation during BCP 
increased the velocity o f the sample m oving in the solution; 3) Figure 2.3 was obtained 
by m anual stirring or rotating, therefore the speed can fluctuate during the process.
It is necessary to m ention that in the BCP set up, horizontal-facing samples were 
placed a b it further from  the rotating axis com pared with the tw o vertical-facing samples. 
This resulted in higher moving speed on horizontal-facing samples.
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Etching rate vs. Rotating speed
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Figure 2.13. E tching rate o f niobium  BCP at room  tem perature as a function of rotating 
speed, w ith different facing directions. Dark blue diam ond: facing-up, light BCP surface. 
Red square: facing-up, m echanically polished surface. G reen triangle: facing-down, light 
BCP surface. Purple cross: facing-down, m echanically polished surface. Light blue star: 
facing-horizontally, light BCP surface. O range dot: facing-horizontally, m echanically 
polished surface.
2.3.5. Topography
Figure 2.8 below shows a polycrystalline niobium  sam ple BCP treated at 20°C for 6 
m inutes, rem oving about 15 pm  from  the surface. It shows typical topography o f the 
near-surface layer. M any individual grains can be identified. They appear to have been 
polished to different depths and are profusely pock-m arked. Their appearance in optical 
images is term ed “orange peel” and is w idely recognized in metallography.
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Figure 2.14. SEM  im age of typical polycrystalline niobium  surface after BCP at 20 °C 
for 6 m inutes
A five-fold higher m agnification image (Figure 2.9) o f a single grain shows that it is 
m ostly surrounded sidew alls a few pm  high. These are ridge or step shaped grain
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boundaries reported previously [43] [55] [57]. The profile o f the intersection o f the 
pockm arks w ith the sidewall indicates that they are depressions, not protrusions. The 
grain interior exhibits small step-like features. It is not a sm ooth plane receding into the 
bulk as polishing continues. N ote that these observations apply to the near-surface region.
Figure 2.15. SEM  image of a close look at a single grain from Figure 2.8.
46
2.3.5.1. Influence of acid temperature on fine grain niobium  topography
Figure 2.10 shows niobium  surface topography after BCP at 22°C for different 
durations. The sam ples were fine grain niobium. A nd the polishing was done at static 
solution (only tilting the beaker occasionally to help the reaction product move away 
from  niobium  surface) w ith samples facing up. A fter one minute o f polishing, the surface 
was dom inated by small, concentrated protrusions possibly resulting from  mechanical 
m achining. As polishing continues, the surface sm oothness im proved by showing larger 
sm ooth regions. Plateau like features developed on the surface after seven minutes, 
although some detailed rough features still rem ained. The surface separated into smooth 
regions with different elevations and the area o f  each sm ooth region grew bigger as 
polishing continued. A fter tw enty minutes o f polishing, the surface was com posed of 
large sm ooth facets with ridges and steps between each other, w ith few detailed features 
as found at the beginning. Note that all rem ovals are significantly less than the grain size.
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(A) M il (22°C lmin; ~ 3 (xm removal)
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(B) M12 (22°C 3min, ~ 8 Jim  removal)
49
(C) M13 (22°C 7min, ~ 15 Jim  removal)
Figure 2.16. Optical m icroscope im ages o f niobium  after BCP at 22°C for: (A) 1 minute; 
(B) 3 minutes; (C) 7 minutes.
Figure 2.11 shows topography o f niobium after BCP at 10°C for different durations. 
Characteristic features are sim ilar to BCP surface at 22°C. Features develop more slowly
than at 22°C. W e can see that BCP surface after 7 minutes at 10°C looks like the surface 
B CP treated at 22°C for a shorter time than 7 m inutes.
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(B) M22 (10°C 7min, ~ 7 |J,m removal)
52
(C) M24 (10°C 20min, ~ 20 pm removal)
Figure 2.17. O ptical m icroscope images o f niobium  after BCP at 10°C for: (A) 1 minute; 
(B) 7 m inutes; (C) 20 minutes.
53
Com parisons between the topographies o f niobium  polished at 22°C and 10°C 
showed consistent trends with regards to am ount o f rem oval. H igher temperature 
increased polishing rate so that given features appeared at earlier tim e than at lower 
tem perature. Specim ens having equal am ount o f material rem oval showed similar 
features, even though time and tem perature w ere different, indicating that polishing 
m echanism  is the same at these tw o tem peratures. The results showed that the quality of 
polishing did not depend on etching tem perature, as the sam ples etched at 10°C BCP did 
not show better (sm oother) topography than those at 22°C. Only the mass removal 
m attered in determ ining the surface character.
2.3.5.2. B i-crystal and single crystal niobium  BCP topography
Gas evolution from  the surface being polished caused by chem ical reaction is a 
feature distinguishing BCP from  other cavity polishing techniques. Figure 2.12 shows the 
print left by gas evolution during BCP, observed w ith optical m icroscope (A), SEM  (B) 
and AFM  (C). W ithout the influence of grain boundaries w e can see clearly how gas 
evolution during BCP affects the surface: bubble prints appear. Bubble generation sites 
are not preferentially located at grain boundaries nor do grain boundaries (if present) 
appear to affect the developm ent o f bubbles. The large bubbles have a radius about 50 
pm  and a depth around 1 pm. Some bubbles evolve from  the same spot, leaving the print 
o f a series o f concentric circles. Considering the form ing o f these crater shaped bubble 
prints, one hypothesis is that they are caused by poor heat transfer beneath the bubble at 
the generating site. W hen the bubble is growing on the surface, the surface adjacent 
liquid layer underneath cannot circulate w ith bulk solution and the tem perature o f this
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layer increases. Therefore the area under the bubble is etched faster than area around it 
until the liquid layer is consumed. A close look by AFM  at one bubble print is shown in 
Figure 2.12 (C). The print is flat at the bottom, slightly curved on the edge and has a 
depth about 1 pm. The diam eter o f the prints can vary betw een tens of m icrom eters and a 
hundred micrometers.
(A) B1.2 Optical microscopy
(B) B1.2 SEM
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(C) B1.2 AFM
Figure 2.18. Surface m orphology o f B i-crystal niobium  after BCP at 20°C for 12 
minutes: (A) Optical m icroscope im age; (B) SEM  image; (C) AFM  image.
N ote that some of the edges o f these bubble prints show som e sharpness and steps, 
especially where two bubbles meet. The gas evolution m ay contribute to the sharp 
features on the BCP surface o f poly crystal sam ples although it cannot be seen clearly 
due to the confounding influence o f m any grain boundaries.
In the polished bi-crystals, a slight step is visible at grain boundary, but not as 
pronounced as m aybe expected (Figure 2.12 (B) above). Further, no grain boundary 
grooving or other attack is evident here or in any other images. EBSD  exam ination o f the 
surfaces did not show coincidence w ith any o f the cardinal orientations, see Figure 2.13. 
The two colors dividing up the square on the left correspond to two orientations. 
Referring to the color coded map on the top right corner, the position o f the tw o colors 
tells the orientation o f this bi-crystal sam ple lies in the blue and green area. The two dots
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in the inverse pole figure on the lower right corner tell the exact position o f the two 
colors. The m is-orientation angle between these two region is only 10 ~ 13 degrees. 
Therefore the polishing rate of the two grains may not be showing significant difference 
since their orientations are not very different from  each other. Note that the grain 
boundary as such is not attacked.
» Color C o d e d  Map Type: Inverse Pole Figure [001]
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Figure 2.19. O rientation of bi-crystal niobium  (B 1.3) obtained by EBSD
Figure 2.14 (B)-(E) shows SEM  images o f the niobium  single crystals after 90 
minutes polishing. Again, all surfaces at lower m agnification were covered by different 
shaped features on different single crystals. The orientations o f the four single crystals we 
studied are shown in Figure 2.14 (A). One o f them  had a (101) surface, while the other 
three did not fell exactly at the corners in the inverse pole figure. Three of them  were 
close to each other. Therefore the difference between patterns was not dramatic. In fact,
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the polishing rate o f these four single crystals did not show large variation either, about 
1.8±0.2 pm /m in w ithout a clear trend of rem oval rate order. A t low er m agnification, the 
saw -cut ridges on the samples before BCP persisted even after this m uch BCP, indicating 
that BCP does not level macro roughness efficiently. The surface looked increasingly 
sm oother w ith increasing magnification, indeed alm ost featureless at 2000 magnification, 
the highest we conducted. Evidently in the absence o f grain boundaries, BCP polishes 
well. The RM S roughness from  AFM  scan on an area o f 50 pm  x 50 pm  varied from  30 
nm  to 95 nm. Sam ple 1 and sample 4 showed slightly higher RM S than the other two 
samples. This is sim ilar to the findings by D. Baars, et al. [77],
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Figure 2.20. (A) O rientation o f single crystal niobium  sam ples used in this study, from 
EBSD analysis (1-K8, 2-K13, 3-K18, 4-K 19); (B)-(E) SEM  im ages o f the four single 
crystal niobium  samples in (A) after BCP at 22°C for a total o f 90 m inutes, rem oving an 
estim ated 120 pm ; (F) RMS roughness o f the four single crystal niobium  obtained by 
AFM
2.3.5.3. Influence of crystal orientation on BCP topography
Seeking to reveal any variation o f polishing rate for (001), (101) and (111) surfaces, 
we m atched EBSD  im ages and optical im ages o f the sam e area and located two or three 
adjoining grains with these orientations (Figure 2.15). Using HIROX KH-7700 High 
Resolution D igital-V ideo M icroscopy System  with high m agnification and multi- 
focusing technique, a close up 3D im age o f the surface was obtained. The height 
difference between these two grains was obtained by analyzing the profile of a line across 
two grains o f interest (Figure 2.16).
65
Figure 2.15 shows the optical im age of a polycrystalline niobium  sample after 6 
minutes o f BCP at room  temperature. Total rem oval was about 15 pm, which was small 
com pared to the average size o f a grain in polycrystalline niobium . The starting surface 
was nano-polished to a very low RMS roughness o f a few nanom eters. Therefore, we can 
relate the height variation after BCP to etching rate. An orientation map o f a square area 
was obtained and overlapped onto the optical im age o f the sam e area. The color code is 
the same as in Figure 2.13. W e were able to zoom  in at a sm aller area containing all 
three orientations o f (100), (110) and (111), and successfully obtained the three 
dim ensional profile o f the surface by AFM , as shown in Figure 2.16. Here, the red lines 
on the im age are the A FM  traces presented below. The green lines mark the ends of each 
trace. As we expected different orientations w ould have different etching rates, we 
inspected the relative height o f these three orientations and did notice there was 
difference on the m icrom eter scale. The profile in Figure 2.16 is a higher m agnification 
optical im age o f the area within the dashed line box in Figure 2.15, com paring height 
difference between: (B) (111) to (101), (C) (111) to (001), (D) (001) to (101), we observe 
that (111) surface is about 2 pm  higher (less m aterial rem oved) than (101) surface, and 
(111) surface is about 1 pm  higher than (001) surface. A sim ilar trend was found at other 
places as well, even though the height difference m ay have some variation and the 
surface within a grain is not perfectly flat due to the influence from  gas evolution or grain 
boundary effect. The height differences am ong these three m ajor orientations are shown 
in Figure 2.17. The result may be sum m arized as: the polishing rate decreases in the order 
of (101), (001), and (111). D. Baars et al. [77] found that surface roughness of single 
crystal niobium  after BCP is affected by crystal orientation and pre-existing mechanical
6 6
deformation. However, their study did not m ention the polishing rate o f different crystal 
orientations. According to our study, the 1 -2  pm  height difference resulted from 6 
minutes of room  tem perature BCP m eans the rem oval rate difference is about 0 .2 -0 .3  
pm/min.
Figure 2.21. Optical m icroscope im age o f polycrystalline niobium  BCP treated for 6 
minutes at room  tem perature. The starting surface was nano-polished. The colored square 
is the EBSD im age o f the same area m atched according to the grains. The area within the 
dashed box is magnified in Figure 2.16.
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Figure 2.22. Optical m icroscope im age o f polycrystalline niobium  after 6  m inute B C P at 
room  tem perature, x l5 0 0  (A), and surface profile between different grains: (B) (111) to 
(101); (C) (111) to (001); (D) (001) to (101).
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O rientations
Figure 2.23. A verage height differences am ong three m ajor orientations o f niobium  after 
6  m inutes BCP at room  tem perature, sam pled five to six spots for each column. The first 
index is the less-etched surface.
2.3.5.4. Influence o f sam ple orientation on fine grain niobium  BCP topography
Figure 2.18 shows optical and SEM  images of fine grain niobium  samples BCP 
treated at 20°C for 6  m inutes, with sam ples facing up, facing down and horizontally.
There was no evident effect of sample orientation on topography at small scale. H owever, 
bubbles were easily trapped on the surface when the sample was facing dow n, w hile the 
other two directions had hardly any bubble prints left on the surface.
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(B) P35 (Down)
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(C) P37 (Vertical)
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(D) P35 (down)
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Figure 2.24. O ptical and SEM  im ages o f m echanically polished poly crystal niobium  
samples after 6  m inutes BCP at room  tem perature. Sam ples were placed: (A) facing up; 
(B) facing down; (C) vertically. (D) shows the bubble prints at low and high 
magnifications.
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2.4. Discussion
2.4.1. Temperature dependence of BCP polishing rates: Arrhenius 
equation
As an experim ental finding, the A rrhenius equation describes the relation between 
reaction rate constant k, activation energy Ea and temperature T [94]:
k =  A • e x p (— Ea/R T ) 
where A is the pre-exponential factor, R is the gas constant. For most chem ical reactions, 
this equation works w ell over a lim ited tem perature range. Even in a com plicated multi- 
step reaction the A rrhenius equation can be used to describe the temperature dependence 
of the overall reaction rate.
Reaction rate constant k is tem perature dependent. For a set temperature, k remains 
constant, and the reaction rate is decided by the concentration o f the reactants. As 
reaction noted earlier:
R ate =  k  • [H N 03]a • [HF]b 
InR ate =  ln (k  ■ [H N 03]a • [HF]b)  =  ln(A  ■ e x p ( -  Ea /R T ) • [H N 03]a ■ [HF]b)
=  InA +  ln ([H N 0 3]a • [HF]b) -  Ea/R T  
If plotting o f the natural logarithm  of the reaction rate versus tem perature reciprocal 
1/T follows a straight line for certain tem perature range, the activation energy can be 
determ ined from  the slope:
Ea =  —Slope ■ R
K nowing the activation energy for a reaction helps to decide w hether the process is 
controlled by chem ical reaction or diffusion [95]. The intercept on rate axis, InA +
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ln ([H N 0 3]a • [HF]b), can be considered as constant if [H NO 3 ] and [HF] remain constant. 
Constant com position is a reasonable approxim ation here, since in 100 ml fresh BCP 
solution the am ount o f H F is about 0.7 mol. The largest removal o f niobium  we had in 
one run was 0.26 g, w hich consum ed only 0.014 mol HF. Therefore bulk concentration of 
H NO 3  and HF can be considered as constant, since the am ount o f acid is much larger 
than niobium. K nowing that the beginning rate o f the reaction is transient due to the 
dam age layer, we use the reaction rate at the sixth m inute o f each run where the rate 
enters a plateau, w ith the assum ption that the acid concentration is still the same. Here we 
also assum ed that the volatilization o f H F is very small as we are not running at high 
temperature.
Figure 2.19 shows the logarithm  o f polishing rate as a function o f tem perature. The 
com position of the solution is the same at the beginning of each run; therefore we can 
ignore the influence o f the other param eters, i.e. acid concentration, product 
concentration, so that tem perature is the only param eter that changes.
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Figure 2.25. Logarithm  o f the polishing rate (In (gm /m in)) as a function o f the reciprocal 
o f temperature (1/Kelvin) from  0°C to 30°C.
The polishing rates in the plot are from  the points of the sixth m inute in Figure 2.2. 
Fitting reveals a w ell-defined linear relation between ln(Rate) and 1/T from  0°C to 20°C. 
However, polishing rate at 30°C seem s to deviate from  this line and heading to a sm aller 
slope. The w ork noted earlier [41] reported a regim e from  30°C to 50°C in which the 
polishing rate is tem perature independent. S im ilar observations have been reported for 
the etching processes o f other m aterials [95], indicating that a high activation energy 
below 20°C and a low one above this temperature. W e propose that between 20°C and 
30°C is a divide betw een two different rate-lim iting m echanism s. For tem perature from 
0°C to 20°C, the activation energy o f the polishing reaction we studied is:
Ea =  -S lo p e  • R =  64 6 9 .8  x  1.986 c a l/(K  • m ol) =  12.85 k c a l/m o l 
In general the activation energy for a diffusion limited process is less than that for a 
chem ical reaction rate lim ited process, and it is not affected significantly by reactant
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concentration. As a general guidance, the activation energies for diffusion are less than 
about 7 kcal/m ol [95]. W e therefore infer that from  0°C to 20°C polishing rate is likely to 
be chem ical reaction controlled.
The intercept on y axis, InA +  ln ([H N 0 3]a • [HF]b), can be used to determ ine the 
value o f A when the value o f a and b are known.
One o f the general criteria o f a diffusion-controlled rate is: the tem perature 
coefficient is in general less than 1.5 per 10°C [96]. The temperature coefficient w ithin a 
certain range is defined as the ratio o f the rate coefficients at the higher lim it f c )  and the 
lower lim it (k t) in our discussion. If the tem perature coefficient is greater than 2.0 per 
10°C the chem ical reaction is slow and controls the observed rate [96]. In our study the 
tem perature coefficient is listed in Table 2.3.
Table 2.4. Tem perature coefficient o f BCP reaction at different tem perature ranges
Temperature range Temperature coefficient (k^/ki)
0-10 °C 2.24
10-20 °C 2.25
20-30 °C 0.84
The tem perature coefficient from  0 °C to 10 °C is 2.24, in the range o f chem ical 
reaction control. From  10 °C to 20 °C, it stays the same at 2.25. From 20 °C to 30 °C, it 
reduces to 0.84. The m essage is: as the tem perature increases, the rate o f chem ical 
reaction step increases faster than the rate of mass transfer (diffusion, convection, etc.) 
does [96], and therefore mass transfer shows more influence on the rem oval rate.
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2.4.2. Determining the order of BCP reaction from rate of reaction data
The rate law for the B C P reaction can be estim ated from  the polishing rate at 
different concentrations o f the reactants, i.e. different percentages o f H N O 3 , HF and 
H 3 PO 4 .
For reaction:
Nb +  5H N 03 +  5HF =  H2NbOF5 +  5 N 0 2 +  4H 20  
R ate =  k ■ [H N 03]a • [HF]b
The rate depends on the concentration o f H N O 3 and HF [94]. If we fix the 
concentration o f one o f these two acids, and com pare the reaction rates at different 
concentrations of the other acid, we w ill be able to determ ine the value o f a and b in the 
rate law above. W e attem pt to accom plish this by extracting data from  a study done by V. 
Palm ieri et al [97], Figure 2.20.
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Figure 2.26. Curves of equal polishing rate (pm /m in) versus different percentages o f HF, 
HNO3 and H3PO4, in the three-dim ensional space o f BCP [97].
83
To determ ine the value o f b, we chose some points with the same H N O 3  proportion 
but different HF proportion. Two set o f points were selected and listed in Table 2.4. 
Com pare the reaction rate o f the other four points with the first point, and the ratio is 
proportional to the [HF] ratio o f each pair to the bth power.
Table 2.5. D ata extracted for determ ination of b
HNO3 HF H3 PO4 Rate of
reaction
(pm/min)
[HF]
ratio
Rate
ratio
b
Point 1 0.4 0 . 2 0.4 1
Point 2 0.4 0.28 0.32 2 1.4 2 2 . 1
Point 3 0.4 0.36 0.24 4 1 . 8 4 2.4
Point 4 0.4 0.4 0 . 2 5 2 5 2.3
Point 5 0.3 0 . 1 0 . 6 0 . 1
Point 6 0.3 0.3 0.4 2 3 2 0 2.7
Point 7 0.3 0.38 0.32 4 3.8 40 2 . 8
b =  2.4 ±  0.3
Similarly, to determ ine the value o f a, we select a few points with the same HF 
proportion but different HNO 3  proportion. Three sets o f points were selected and listed in 
Table 2.5.
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Table 2.6. D ata extracted for determ ination o f a
HNO3 HF h 3 p o 4 Rate of
reaction
(pm/min)
[HNO3]
ratio
Rate
ratio
a
Point 1 0.25 0.25 0.5 1
Point 2 0.525 0.25 0.225 2 2 . 1 2 0.9
Point 3 0.44 0.35 0 . 2 1 4
Point 4 0.53 0.35 0 . 1 2 5 1 . 2 1.25 1 . 2
Point 5 0.3 0.3 0.4 2
Point 6 0.55 0.3 0.15 4 1 . 8 2 1 . 1
Point 7 0.625 0.3 0.075 5 2 . 1 2.5 1 . 2
a  =  1 . 1  ±  0 . 1
Since the influence o f tem perature on reaction rate is considered in k, we can assume 
that a and b are applicable in the tem perature range o f this study. Now we have the rate 
law looking like:
R ate =  k - [H N 0 3 ] X 1  ■ [HF ] 2 -4  
Bringing it back to A rrhenius plot intercept, we have the value o f A equals 1.1. With 
this rate equation, one can estim ate the rem oval rate know ing the tem perature, the 
activation energy, and the acid concentration.
2.5. Conclusion
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W e have investigated the genesis o f topography in buffered chem ical polishing of 
niobium  for SRF accelerator cavities. O ur m ajor findings are:
For metal not previously etched, after removal o f an initial few pm , the polishing 
rate is constant w ith time and increases with etchant tem perature. The resulting 
topography depends on total rem oval, which can be adjusted by polishing time and 
etchant temperature.
Correlation o f etch depth with crystallographic orientation indicates the order of 
rates to be 110> 100> 111, w ith a rate difference -10%  of the average rem oval rate of 
BCP. For the bi-crystals with tw o grains sim ilarly orientated, no evidence was found for 
strong differential etching and grain boundary attack.
The polishing process is controlled by the surface reaction(s) under 0°C to 20°C 
range. A t 30°C, another regim e appears, consistent with previous reports. C lear evidence 
was found for the im pact of gas evolution on topography, especially when sample was 
facing dow nward in the solution. These findings apply to the 0°C to 20°C range, which 
encom passes current production practice.
This study indicates that the characteristic topography generated by BCP is inherent 
and fundamental. Our system atic analysis also yields the guidance that to avoid large 
roughness from  BCP, low er tem perature and solution agitation is preferred. In this way, a 
better control o f the rem oval can be achieved and bubble prints on the surface can be 
avoided.
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CHAPTER 3
Influence of surface flow on topography in 
electropolishing (EP) of niobium
3.1. Introduction
The previous chapter show ed that the surface roughness produced by BCP is 
inherent to the nature o f chem ical etching. Lim iting the total rem oval and reducing gas 
accum ulation on the surface help to avoid large roughness, but there is not m uch could be 
done to elim inate the sharp features by varying BCP itself. W hen it com es to the final 
step of surface treatm ent where high gradient is required, BCP will not be the choice. EP 
is the m ost likely candidate, even if it has a polishing rate ten tim es slower than BCP. 
W ith an already satisfactory surface topography, our goal here is to find if there is a 
possibility to increase polishing rate w ithin practical range.
3.1.1. Practice of EP on niobium cavities
The recipe for niobium  EP used now adays was developed in 1971 by Siem ens [42]. 
They found that polishing is usually accom panied by a current oscillation on the current­
time curve. The electropolished superconducting niobium  cavity showed high Qo value 
and critical magnetic field [42], It was also dem onstrated by other groups that EP can 
im prove cavity perform ance especially at high gradient [98], Later, based on the
87
horizontal EP equipm ent developed by Siemens, K. Saito et al. [98] further im plem ented 
and sim plified the EP process for superconducting cavities at KEK during the TR ISTA N  
energy upgrade. They found that the current oscillation is not necessary for polishing and 
a horizontally rotating continuous EP system  was developed. Their methods enabled 
mass production and reached gradient of -4 0  M V/m  for 1300 M Hz single-cell cavities 
with a high probability.
H orizontal EP was developed and used in the early days o f cavity EP. Currently 
horizontal EP setup is still used in KEK, DESY, JLab, FNA L/AN L and industrial 
com panies like ZA N O N  and RI [47]. Figure 3.1 is the horizontal EP setup at JLab and 
Figure 3.2 is the acid flow scheme o f the horizontal EP system  at ANL. Single cell or 
multi cell niobium  cavities as anode are placed horizontally on a frame. An alum inum  
tube as cathode is inserted axially in the cavity. The electrolyte is usually a m ixture of 
49% HF and 96% H 2 SO 4  in a volum e ratio o f 1:9. The acid enters from  one end o f the 
cathode and flows into the cavity through a few holes on the cathode wall. The cavity is 
filled up to 60% full w ith acid. It rotates about the longitudinal axis at a speed o f 1 rpm  
during the polishing, so that the entire inner surface o f the cavity is polished. N itrogen 
flow is introduced above the acid inside the cavity to take aw ay the hydrogen generated 
by the reaction. The acid com es out from  the two ends of the cavity and flows back to the 
reservoir where the tem perature o f the acid is regulated. The acid circulation system  helps 
m aintain the acid tem perature and establish flow between cavity and electrolyte. 
Traditionally, the applied voltage has been around 17 V and current 300±20 A for a 9-cell 
cavity [36]. Start tem peratures are typically 20 to 23°C, and the set point temperature 
could be 30-35 °C [36]. The removal rate is about 0.4 pm /m in. Jefferson Lab developed
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new insights into EP and achieved satisfactory perform ance from C EB A F 7-cell low loss 
cavities by applying a light EP process. In the light EP, the cavity wall tem perature was 
kept at 20 °C and the rem oval varied between 10 pm  and 40 pm  [99]. W hen the polishing 
is finished, the pow er is turned o ff while circulation and rotation continue for 30 minutes 
to assure dissolution o f rem aining niobium  oxide. The cavity is then put vertically to 
drain the acid. Then the cavity is thoroughly rinsed with ultrapure w ater and ethanol if 
needed. A m ild bake at 100-130°C for 24~48 h is needed after E P  [36] [99].
Figure 3.27. Jefferson Lab horizontal EP system  [47]
89
H2TOPROCSM
VENT
OpMonal EriMMl (wMr) Cooing
f
WASTE
TO ’***
Figure 3.28. A cid flow schem atic for horizontal EP (courtesy o f ANL) [36]
Vertical EP o f niobium  cavities has been developed at Cornell University (Figure 
3.3), JLab, Saclay and KEK [47]. The cavity is positioned vertically and kept stationary 
during vertical EP. Since the cavity is not rotating, this setup is sim pler than the 
horizontal EP system. A t Cornell University, the cavity is filled w ith acid and agitation is 
done by stirring paddles attached to the cathode during polishing. A t the end o f polishing, 
the acid is drained from  the bottom  o f the cavity. For vertical EP with circulating acid in 
JLab, the acid flow  is sim ilar to the circulating BCP setup, entering from  the bottom  and 
flow ing out from  the top. The generated hydrogen is brought out from  the top. Having
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sim ilar uneven rem oval rate problem  with the vertical BCP setup, flipping the cavity 
between two sessions o f EP is needed for uniform  material removal.
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Figure 3.29. Vertical EP system  at Cornell University: (A) schem atic layout; (B) 
photograph o f the setup [100]
3.1.2. Fundamentals of EP
Electropolishing (EP) is an electrolytic m ethod to obtain a smooth, bright surface, 
discovered in the 1930's on copper [101]. The m aterial to be polished is the anode. The 
anode and a counter electrode (the cathode) are im m ersed into a proper electrolyte and 
connected to a pow er supply to form  a com plete electric circuit. During polishing, the 
anode gives out electrons and the surface m aterial is dissolved into the electrolyte. The 
polishing starts from  smoothening at the micro scale, and extends to the macro scale with 
increasing rem oval amount. The anodic current increases w ith voltage as the voltage 
ram ps up and reaches a plateau where the current does not change with voltage. W hen the 
voltage exceeds certain value, the current m ay increase again but different reactions may 
be involved. The limiting current plateau region on the anodic current-voltage curve is 
usually chosen as the polishing condition. Electropolishing is norm ally carried out in 
concentrated acid media such as phosphoric acid and sulfuric acid. M ass transport plays 
an im portant role in obtaining polishing [102]. D ifferent transport m echanism s have been 
proposed regarding w hether the rate-lim iting species are the cations o f the dissolving 
metal, or acceptor anions from  the solution, or w ater from  the solution.
The essential m eans of electropolishing is an electrolytic cell, as shown in Figure
3.4. For circum stances of present interest, niobium  is the anode connected with the 
positive pole o f the power supply, while alum inum  is the cathode connected with the 
negative pole of the pow er supply. During polishing, electrons m ove away from niobium
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under the electric potential difference provided by the pow er supply. Electrons at the 
cathode com bine with H+ from the electrolyte, and hydrogen gas evolves on the cathode. 
An oxide film  is form ed on the niobium  and is dissolved by HF or HF 2 - from  the 
electrolyte, allow ing the reaction on the anode to continue. In the electrolyte, positive 
ions (cations) m igrate towards the cathode and negative ions (anions) m igrate towards the 
anode under the electric field. Thus a com plete electric circuit is maintained. The steady 
state total current is regulated by the diffusion o f fluorine species to the oxide film  [63]. 
The principal reaction equation can be described as:
Anode [50]:
2 N b  +  5SOi~  +  5H20  -* N b 20 5 +  1 0 H + +  55 0 | “ +  1 0 e "
N b 20 5 +  6 HF  -» H2NbOF5( s o l u b l e ) +  N b 0 2F  • 0 .5H20 ( n o t  s o l u b l e ) +  1.5H20
N b 0 2F ■ 0 .5H20  +  4 HF  -> H2N bFs {so lub le )  +  1.5H20
Cathode:
2H + +  2e~  -» H2 T
Etodrolytlo o tf
Pownr supply
o 6
(C )  CulCtF*, H j S O ^  ( * )
{Cathode) 
Ci^* + 2<-»Cu
{Anode)
H^O -*■ ♦ 2H* + 2 t
Figure 3.30. Schem atics o f an electrolytic cell w ith copper cathode [103]
The interface between electrode and electrolyte was first proposed to have a double 
layer structure by H elm holtz [103], The charge distributed w ithin the electrode and the
95
counter-charge from  the electrolyte residing at the electrode surface form s a double layer 
structure. Later, the G ouy-Chapm an-Stern (GCS) model was developed to better explain 
the capacitance behavior of the interface, where a diffuse layer o f  charge was introduced 
in the solution side. The layer closest to the electrode contains solvent m olecules and 
some specifically adsorbed ions or m olecules. The locus of the electrical center o f the 
specifically adsorbed ions is called the inner H elm holtz plane (IHP). The locus o f centers 
o f nearest solvated ions is called the outer H elm holtz plane (OHP). The solvated ions 
distribute throughout the diffuse layer, w hich extends from  the OHP into the bulk 
solution. The double-layer region is shown in Figure 3.5 [103].
Figure 3.31. Double-layer model o f electrode/electrolyte interface according to GCS
theory [103]
Both faradaic and nonfaradaic processes occur when electrode reactions take place. 
For nonfaradaic process, where no charge-transfer reaction occurs and charge cannot
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cross the electrode-electrolyte interface, the behavior o f the interface is analogous to that 
o f a capacitor. For Faradaic process, electrons are transferred across the m etal-solution 
interface causing oxidation or reduction. Such reactions are governed by Faraday's law 
and hence the name. The current (i)-potential (E) characteristic o f this electrode reaction 
looks like that of a pure resistance. The rate o f an electrode reaction is affected by 
electrode variables (m aterial, surface area, geom etry, surface condition), mass transfer 
variables (diffusion, convection, surface concentrations, adsorption), solution variables 
(bulk concentration o f electroactive species, concentration o f other species, solvent), 
external variables (tem perature, pressure, time) and electrical variables (potential, 
current, electric charge). The electrode reaction can be represented by a series of 
resistances (or im pedances) representing various steps. The potential difference defined 
by the pow er supply is distributed am ong the anode reaction, the cathode reaction, and 
the ohm ic drop in the solution. A whole cell polarization curve (i-E) curve is obtained by 
applying a voltage across an electrolytic cell and m easuring the current flow ing through 
the cell. D ue to the potential drop in the solution, m ost electrochem ical experim ents 
studying a w orking electrode (W E) use a three-electrode system  (Figure 3.6), where the 
potential of the W E is monitored relative to a separate reference electrode (RE) 
positioned very close to the W E. A high input im pedance device is used to measure the 
potential difference between the W E and the RE, so that the current through the RE can 
be neglected and its potential will remain equal to its open-circuit value.
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Figure 3.32. Three electrode cell [103]
The average surface roughness can be low er than 0.5 pm  w ith EP [36]. EP produces 
a w avy but sm ooth topography w ithout any sharp edges. The sm oother surface finish is 
one obvious advantage o f EP over BCP, which leads to better cavity perform ance at high 
gradient [61]. H owever, EP is unlikely to com pletely rem ove large defects pre-existing 
on the surface [104] [105]. The surface oxide layer o f electropolished niobium  has similar 
com position as that of chem ically polished surface, consisting o f a dielectric pentoxide 
(M ^O s) layer on the outer most as m ajority and a thin low er oxide (such as NbO and 
N biO ) interlayer perhaps between Nb2 C)<j and the metal niobium , except that the 
layer seems to be thicker for electropolished or anodized niobium  [93]. The limiting 
current is sensitive to H F concentration in the electrolyte and the tem perature near the 
niobium  anode. The reaction m echanism  studied by electrochem ical impedance 
spectroscopy (EIS) shows evidence that EP of niobium  with the standard electrolyte is a 
mass transport controlled process involving a com pact salt film  m echanism  [63]. The 
diffusion layer thickness is found to be about 1 0 - 2 0  pm  within the temperature range of
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1~50°C using rotating disk electrode (RDE) [87]. A  study com bining voltammetric, 
steady-state, and im pedance m ethods can give further insight into the reaction mechanism 
o f EP [106]. H F-free EP recipes are under developm ent to reduce the usage o f the 
hazardous acids [107] [108] [109] [64] [65],
3.1.3. Motivation of surface flow rate study of niobium EP
The flow rate o f the electrolyte near the niobium  surface is an im portant param eter in 
cavity EP. EP is a tem perature and flow dependent process [63], especially during higher 
voltage EP. The lim iting current is affected by the diffusion o f reactive species. Agitation 
can change param eters that affect the diffusion process. These param eters include the 
thickness o f the diffusion layer on the niobium  surface, tem perature distribution in the 
electrolyte and the transport of the reaction product on the electrodes, such as the 
hydrogen bubbles and niobium  salts. M oderate agitation can help m aintain the current 
oscillation (which may be beneficial but not necessary) by m odulating the viscous layer 
thickness [36], H ydrogen pickup by the cavity is another concern with EP [98] [110] 
[111]. G uiding hydrogen out o f the system  quickly can reduce hydrogen pickup and 
possible reaction betw een hydrogen and sulfuric acid. In horizontal EP the cavity rotation 
and the acid circulation produce the flow over the niobium  surface. In vertical EP, the 
stirring paddles or the acid circulation produce the flow. Sim ulation o f the hydrodynamic 
and therm al aspects during EP is helpful for optim izing polishing param eters [112]. 
K .Saito et. al. [110] found that rotating speeds betw een 1 and 3.5 rpm  are good for 1.5 
G H z single-cell cavities, and its effect on polished states is small when less than 10 rpm. 
In JLab 7-cell cavity horizontal EP process, fresh electrolyte is supplied at about 3 L/min 
into the cavity. The niobium  cavity (anode) rotates at 1 rpm, corresponding to motion at
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the equator o f 1 cm/s [112] and at the iris o f 4.2 cm /s for the ILC cavity geometry. Thus a 
flow circulation is formed inside the cavity and flow conditions vary significantly at 
different locations.
The purpose for this study is to further understand how  the acid flow velocity affects 
surface topography and roughness at both macro scale and micro scale. Rotating speed of 
the samples is selected so that the whole present cavity processing range is covered. It is 
equivalent to a com bined effect of cavity m otion and electrolyte flow. W e hope to 
understand and im prove the surface topography resulting from  EP under different flow 
conditions.
3.2. Experim ents
3.2.1. Material and preparation
The niobium  samples used for flow -EP study w ere high purity poly-crystal squares 
cut from  RRR sheet material. The polishing area of each sample was 1.9 cm x 1.9 cm. 
The samples were buffered-chem ical-polished (BCP) w ith the 1:1:2 recipe for 1 hour at 
room  tem perature (20 °C), rem oving about 150 pm  from  the surface. They were then 
ultrasonically rinsed w ith de-ionized w ater and air dried. The sam ples were then inserted 
into a Teflon holder and mounted vertically on a rotating Teflon disk for the polishing 
experim ents (Figure 3.7). The distance between the center of the disk and the center of 
niobium  sam ple was 3.5 cm.
3.2.2. Electrochemical cell setup and polishing experiments
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A bout 800 ml fresh solution o f HF (49%): H 2 SO 4  (96%) = 1 : 1 0  (vol. %) was used as 
the electrolyte for each EP experim ent. The electrolyte was contained in a Teflon beaker. 
A Teflon disk holding the niobium  sample was placed horizontally covering the opening 
o f the beaker. The sam ples were fully im m ersed in the electrolyte during the polishing. A 
high purity alum inum  rod with a diam eter o f 1.27 cm  was used as the cathode and 
vertically mounted at the center of the Teflon disk. D uring the polishing, the disk and the 
sam ples rotated along the alum inum  rod at selected speeds, powered by a m otor attached 
to the Al rod.
The voltage for EP was provided by a Sorensen DCS 33-33E pow er supply. The 
niobium  to be polished was connected to the positive pole and the alum inum  was 
connected to the negative pole. One niobium  sam ple was polished at a time, and one 
niobium  sam ple was used at each flow condition. The polishing was carried out for 90 
minutes at a cell voltage o f 14 V for each run. The polishing started at room  temperature 
(20 °C) and finished at about 22 °C, rem oving about 40 pm  from  the surface o f niobium. 
The rotating speed varied between 0 to 10 rpm , corresponding to surface flow rate o f 0 ~ 
3.7 cm /s assum ing static fluid. Unlike real cavity processing, the niobium  coupons were 
alw ays im m ersed in the solution during EP in our experim ents. The total current through 
the cell was recorded with a Keithley 2000 m ultim eter. Current-tim e (I-t) curves were 
recorded by a custom ized Lab VIEW  program.
3.2.3. Characterization
The surface topography before and after EP w ere obtained with optical microscopy 
(HIROX KH-7700 High Resolution D igital-V ideo M icroscopy System), atomic force 
m icroscopy (AFM) (Digital Instrum ents N anoscope IV), and surface profilometry. AFM
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was done in tapping m ode with silicon tips and the scan size was 50 pm  x 50 pm  for each 
image. Each AFM  image consisted o f 512 scan lines and there were 512 data points for 
each line. The root mean square (RM S) roughness was obtained from  these AFM  data. 
The pow er spectral density (PSD) analysis was done using the sam e m ethod described in 
reference [74].
Cathode
Teflon plate
Electrolyte
Figure 3.33. Sketch o f  rotating- electrode EP set-up
3.3. Results and discussion
3.3.1. Influence of flow rate on current-time curve and material removal
Figure 3.8 (A) presents the plots of the total current (I) going through the circuit as a 
function o f polishing tim e (t). The I-t curves w ere collected at different surface flow 
rates. Figure 3.8 (B) is the steady state total current (I) as a function of different surface 
flow rates. A t the beginning o f EP, the transient current shows a peak and drops 
exponentially within the first 500-1000  seconds. Then the current reaches a plateau,
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which m eans the polishing process has reached a steady state. The transient behavior can 
be understood as the consum ption o f the reacting species near the electrode and the 
establishm ent of a diffusion layer. The steady state current was around 0.125 A for static 
EP, and rose slightly to 0 .14 -0 .16  A w hen the surface flow was increased to 0 .7 -3 .7  
cm/s. I-t curves indicated only a slight increase o f polishing rate with flow rate w ithin the 
range o f  this study.
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B Steady State Current Mean (1000s - 3000s) vs. flow rate
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Figure 3.34. Current-Tim e curve (A) and steady state current (B) at different surface flow 
rates from 0 to 3.7 cm /s
Figure 3.9 (A) shows the mass loss o f niobium  samples after EP at different flow 
rates. Only insignificant fluctuation o f mass loss was observed for these flow rates. W e 
calculated the am ount o f rem oval using data both from  mass loss:
AM (mol) = ^
92.9 (g  /  m ol )
and the total charge passed through the cell:
f / (A) r f r ( j )
AM  {mol)  = ------=2------------------
9 6 5 0 0 (C /m o /)x 5
as shown in Figure 3.9 (B). This is equivalent to -4 8  pm of niobium removed from  the 
surface. The results from  these two m ethods confirm ed that the rem oval rate was not 
significantly affected by the flow rate. This is helpful for interpreting variation in local
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rem oval rates in niobium  cavities and to what extent careful flow m anagem ent is required 
to obtain uniform  removal. C learly it is not.
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Figure 3.35. (A) W eight loss o f Nb sam ples and (B) Calculated am ount o f Nb loss by 
current-tim e curve, after EP at different rotating speeds from 0 to 10 rpm, corresponding 
to surface flow rates from  0 to 3.7 cm /s
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3.3.2. Influence of flow rate on surface roughness
Figure 3.10 (A) shows the average RM S roughness of three spots on each niobium  
sample m easured by AFM  and the roughness at the center of each sam ple m easured by 
surface profilom eter. For AFM , three spots were selected near the center o f the sample, 
each having an area o f 50 pm  by 50 pm. The average roughness Rq decreased from  80 
nm for static EP to around 35 nm for EP under a flow rate of 3.7 cm/s. RMS roughness 
was im proved slightly on this scale within the flow rate range we studied. Figure 3.10 (B) 
shows the RM S roughness obtained by profilom eter, from an area o f 500 pm  by 500 pm 
at the center o f the sam ple. N o significant difference was found between rotating EP and 
static EP samples on this larger scale and the roughness o f all the samples fluctuated 
slightly between 0.8 pm  and 1 pm.
Average Rq vs. rotating speed
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Figure 3.36. RM S roughness (Rq) o f niobium  after EP at different surface flow  rates (0, 2, 
4, 6, 8, 10 rpm  correspond to 0, 0.7, 1.5, 2.2, 2.9, 3.7 cm /s respectively), obtained by (A) 
AFM  (50 pm  x 50 pm) and (B) surface profilom eter (500 pm  x 500 pm)
Figure 3.11 shows the PSD  analysis o f niobium  topography including the starting 
BCP surface and surfaces after EP at different flow rates. BCP surface with facets and 
sharp edges showed a linear trend. A fter EP, the sharp features were rounded and flat 
facets becam e wavy. C ontribution from  all spatial frequencies was reduced, especially 
that from  high frequency. However, the topography difference resulted from  EP at various 
flow rates was not distinguishable.
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Figure 3.37. PSD analysis o f niobium  topography from  the starting BCP surface to 
surface after EP at different flow  rates. The PSD plots were calculated from  AFM  data.
3.3.3. Influence of flow rate on surface topography
Figure 3.12 shows the optical m icroscope and AFM  images o f niobium  sam ples after 
static EP and some typical im ages after rotating EP. The area o f the optical m icroscope 
image was about 320 pm  x 240 pm  and the area o f the AFM  image was 50 pm  x 50 pm. 
Im ages were all taken at the center o f niobium  samples. The optical im ages showed that 
the sharp edges on the surface were sm oothed out by EP. And less surface unevenness 
was observed as flow rate increased. However, the changes w ere not significant. With a 
closer look by the A FM  im ages, the surface was sm oothed on micro scale.
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Figure 3.38. (A) Spots where optical and AFM  images were taken on Nb samples; (B) 
Topography o f Nb sam ples before and after -5 0  pm  EP (0, 2, 4, 6, 8, 10 rpm 
corresponding to static, 0.7, 1.5, 2.2, 2.9, 3.7 cm /s); left colum n: optical images o f Nb 
samples with 1050 m agnification; right column: AFM im ages o f Nb sam ples with an area 
o f 50 pm  x 50 pm
W e found that after rotating EP, the leading edge (the left edge in our study) of 
niobium  samples had sm aller w aviness on macro scale (e.g. eyes and optical 
m icroscope), but has larger m icro scale roughness under AFM , as shown in Figure 3.13.
I l l
RMS roughness obtained with AFM  was 163 nm within 1 mm from  the left edge and 48 
nm at the center. This could be a com bined effect of electric field and flow  that changed 
the polishing effectiveness at the edge.
Nb sa m p le
Figure 3.39. Topography at the leading edge com paring at the center of Nb sample after 
EP under 2.2 cm/s flow. The size o f the optical im ages were 320 pm  x 240 pm. The size 
of the AFM images w ere 50 pm  x 50 pm. (A) AFM  image on the left edge; (B) AFM 
image at the center; (C) Optical image on the left edge; (D) Optical image at the center
112
3.3.4. Influence of flow rate on diffusion layer
In static EP, the convection is m ainly from the natural m ovem ent o f the electrolyte 
due to density and tem perature differences, and this does not significantly change the 
thickness o f gradient layer o f fluorine (the etchant). However, w hen the electrode is 
rotating during EP, convection introduced by flow cannot be ignored. A velocity 
boundary layer is form ed near the surface o f the niobium  electrode due to the flow. The 
thickness o f this velocity boundary layer is [113]:
EP solution at 19 °C [87]; u 0, bulk velocity o f electrolyte, here we select the tangential 
velocity at the center o f the niobium  sam ples, which is 0 -3 .7  cm /s; y, distance from  
im pact point (the leading edge). The flow rate u=0 at the surface o f niobium , and u= u0 
outside the velocity boundary layer.
Inside the velocity boundary layer, very close to the Nb surface is the concentration 
boundary layer, whose thickness is 8. W ithin this concentration boundary layer, mass 
transport is m ainly accom plished by diffusion. This concentration boundary layer is also 
called diffusion layer. Evidence was found that the diffusion o f fluorine from  bulk 
electrolyte to the surface o f niobium  is the rate-lim iting step in EP process [63]. 
Therefore we expect a fluorine concentration gradient is form ed within this region. The 
thickness of this diffusion layer can affect the lim iting current during polishing. By 
applying forced convective flow near the electrode surface, such as a rotating disk 
electrode (RDE), the thickness of the diffusion layer can be change. H igher anode 
rotating speed results in higher polishing current. The thickness of the diffusion layer is
(3.1)
3 1 2W here: v, coefficient o f kinem atic viscosity, 29 cP/(1.76 g/cm  )=1.65x10 ' cm /s for
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estim ated to be tens o f  m icrons [87]. A ccording to fluid dynam ics and convective mass 
transfer theories [113], the relation between the thickness o f the effective diffusion layer 
8 and the velocity boundary layer SB can be expressed as
W here: Dj, diffusion constant o f fluorine.
To com pare the influence o f tem perature and flow rate on mass transport, we 
calculated the velocity boundary layer and effective diffusion layer thickness at the center 
of niobium  at different flow rates (0.7-3.7 cm /s) and temperatures (1-50 °C). The 
dynam ic viscosity and diffusion coefficient used for calculation is from  reference [87], 
The result is shown in Figure 3.14.
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Figure 3.40. (A) The thickness o f the velocity boundary layer at the center of niobium 
during EP at different flow rates and tem peratures; (B) The thickness o f the effective 
diffusion layer at the center o f niobium  during EP at different flow rates and temperatures
Notice that the dynam ic viscosity v o f the EP electrolyte decreases as tem perature
increases, w hile the diffusion coefficient 8 increases w ith tem perature. A ccording to
equation (3 .2), the thickness o f effective diffusion layer is proportional to v 1/6 and D j1/3,
with D; increasing with tem perature and v decreasing with tem perature. A ccording to
1equation (3.1), the thickness o f boundary layer is only proportional to v “, which 
decreases with temperature. Therefore we see that at the same flow rate the thickness of 
effective diffusion layer and the thickness o f the boundary layer behave differently with 
changing tem perature. W ithin the tem perature range from  1 °C to 50 °C, increasing flow 
rate from  0 to 3.7 cm/s, the change o f boundary layer thickness is around 1 mm  and the 
change o f diffusion layer thickness is about 10-20 pm . Even if the diffusion layer
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thickness at 3.7 cm /s is reduced to half o f the static polishing condition, the thickness of 
the diffusion layer is still far beyond the surface roughness (tens o f nanom eters). The 
surface roughness we m easured did not show a correlation to the change o f the diffusion 
layer thickness w ithin this range. In order to achieve a more dram atic diffusion layer 
thickness change (for exam ple, com parable to the surface roughness scale), the flow rate 
will need to be increased to more than hundreds o f times faster. This may not be practical 
for cavity EP process.
Based on our analysis we may anticipate that for current cavity EP practice, the 
variation o f the flow rate near the cavity inner surface at constant tem perature w ill not 
cause non-uniform  removal.
3.4. Conclusion
W e studied the effect o f surface flow rate on polishing rate and resultant topography 
during EP o f niobium. The flow rate range we studied covered the flow rate in real cavity 
EP process. Current-tim e curve showed that the total current increased slightly as the 
surface flow rate increased from  0 to 3.7 cm /s during niobium  flow-EP. H owever, the 
change in polishing rate w ithin this flow range was not significant enough to affect the 
mass loss of niobium  samples. The prim ary EP process was not changed by surface flow 
rate in this range.
The final surface topography and PSD from different flow rate also did not vary 
significantly. The RM S roughness on micro scale (50 pm  x 50 pm ) was slightly 
decreased with increasing flow rate, w hile the RMS roughness on macro scale (500 pm  x 
500 pm ) was not affected by flow rate. The thickness of the effective diffusion layer on
116
niobium  decreased with the surface flow rate during EP. This may contribute to the slight 
increase in total current and sm aller height variation on micro scale.
Even though our study indicates that 0 -3 .7  cm /s surface acid flow at constant 
temperature has no significant influence on the rem oval rate and the large scale surface 
roughness, it still can be beneficial to have surface flow during cavity EP process, for 
possible im provem ents on m icro scale surface roughness and more uniform  tem perature 
distribution in the electrolyte. No significant im provem ent in polishing rate can be made 
w ithin operationally feasible ranges with current production setup.
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CHAPTER 4
Laser Polishing of Niobium for SRF Applications -  
Parameter Optimization
4.1. Introduction
For m echanical or (electro-) chem ical polishing, the effects are all achieved by 
attacking metal w ith aggressive media. None o f the present options can be environm ental 
friendly and tim e saving at the same time. To significantly im prove a technology, some 
thinking out o f the box is needed; the idea o f laser polishing appears com pletely out of 
the box of the traditional methods. W ith no chem istry or foreign materials involved, the 
polishing may be done by re-arranging the atom s on the material surface. One m erit of 
laser polishing is that polishing is done in a dry environm ent. This provides the 
possibility of a quick repair on the cavities in cryom odules that have been operated for a 
while and need to be refurbished. W ith prom ising results from  our group [114], we are 
looking forward to prepare this technique for cavity/cryom odule application.
4.1.1. Motivation of laser polishing study
The final step in the production o f niobium  SRF accelerator cavities is rem oval of ~ 
100 |im  from the interior surface [90] by chem ical and/or m echanical methods in order to 
remove contam inants and dam age. Buffered chem ical polishing (BCP), which provides a
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niobium  surface etch w ith a mixture o f hydrofluoric, nitric acid and phosphoric acids has 
long been the dom inant process because o f sim plicity and effectiveness. E lectro­
polishing (EP) with a hydrofluoric -  sulfuric acid m ixture sees increasing use as a final 
step to rem ove perform ance-lim iting [29] [50] sharp features caused by BCP, but suffers 
a slower etching rate and uses a m ore com plex setup [63]. Both involve hazardous acids 
and have potential for hydrogen contam ination problem s. Therefore, pursuit o f greener 
and/or faster treatm ent methods has never stopped. Centrifugal barrel polishing (CBP), a 
m echanical m ethod, avoids aggressive chem ical and provides m irror-like surface, but the 
price is m uch longer polishing time. CBP m ay use a light EP as a final step [115] [116]. 
O ther approaches being investigated include non-H F EP [108] [117] [118] [65] [64], 
plasm a etching [119] [120] and laser polishing [114] [121].
4.1.2. Laser-material interaction fundamental and laser polishing 
concept
Laser processing is based on the interaction between laser light and matter. The 
m echanism  o f interaction depends on laser param eters and the physical and chem ical 
properties o f the material. Laser param eters include the w avelength, intensity, spatial and 
tem poral coherence, polarization, angle of incidence and dwell tim e (illum ination tim e at 
a particular site). M aterial properties include its chem ical com position and 
m icrostructure. W hen an infrared (IR) laser interacts with metal, free electrons are 
excited. The excitation energy is dissipated into heat w ithin a short time. Laser beam  with 
low to m edium  intensities can be considered as a heat source inducing a tem perature rise 
on the surface and into the bulk o f the material. The tem perature distribution is 
determ ined by the optical and thermal properties o f the material. If there is phase
119
transition involved, the transform ation energy for melting, boiling, crystallization, etc. 
will affect the tem perature distribution.
A well-established application o f laser processing is ablative laser m achining, such 
as drilling, scribing, cutting, trim m ing, and shaping. In these cases, the m aterial is 
rem oved from  the w ork piece as liquid, vapor or plasm a, with a laser intensity of about 
105 to 1010 W /cm 2 and irradiation tim e from  10 7 to 10"' s [122]. Lasers can also perform  
m orphological, structural and com positional transform ations on materials. Keeping the 
surface tem perature ju s t below or slightly above the melting tem perature w ith proper 
laser intensity and pulse length, lasers can perform  annealing, transform ation hardening, 
glazing, recrystallization, alloying, and shock hardening. These applications require 
lower laser intensities, typically 103-108 W /cm 2.
Laser polishing relies on beam  heating to partially melt the metal surface. Partial 
m elting (or shallow surface m elting, SSM ) is preferred over form ation o f a full liquid 
surface layer (or surface overlayer melting, SOM ) [123]. The absence o f a fully-form ed 
surface melt layer avoids hydrodynam ical effects such as the form ation o f ripples that can 
remain upon solidification, a potentially harm ful sharp roughness. U sually pulsed lasers 
are used so that the m elt duration is short and cooling happens quickly. During the short 
melt period (a few  nanoseconds), the surface tension works to sm ooth out sharp features. 
The final sm oothening is the consequence o f the total melt duration, the sum  of all pulses 
delivered to a location. Since the effect of any pulse is reduced by the cum ulative 
sm oothening resulting from  previous pulses, it is expected that there w ill be an optim um  
total melt time (i.e., num ber o f laser pulses) for cost effectiveness.
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Laser polishing has received researchers' attention for years, and significant 
experience has been gained. Exam ples include using CCL lasers and diode lasers to polish 
tool steel by rem oving surface patterns from  m achining [124]. Pulsed laser 
m icropolishing (PLpP) as an alternative to chem ical m echanical polishing (CM P) on 
nickel [125] not only reduced surface roughness but also increased corrosion resistance, 
as was also found on stainless steel after laser polishing [126]. Titanium  medical implant 
m aterial revealed a decrease o f surface contam ination and thickening of oxide layer after 
laser polishing [127]. Laser polishing is also applied to optical glass [128], It was found 
that laser polishing reduced the RM S surface roughness of m echanically-polished only 
niobium  from  700 nm  dow n to 200 nm  [114]. W ithin the fluence range o f 0.6 ~ 2.3 J/cm 2 
and 80 ~ 900 pulses overlapping, both SM M  and SOM  contributed to the resulting 
surface. This shows laser polishing o f niobium  SRF cavity is prom ising and that there is 
opportunity for further im provem ent as well.
4.1.3. Scope of this study
The present study aims at exploring in detail a w ider range o f polishing param eters, 
seeking even better surface finishing. The param eters to be optim ized are fluence (energy 
per unit area per pulse) and pulse displacem ent. Pulse displacem ent is defined as the 
distance betw een the centers o f two consecutive pulses. The product o f pulse 
displacem ent and num ber of pulses overlapped equals one spot width. This is actually a 
measure o f total energy deposition density onto the metal surface.
4.2. Sim ulation
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Before undertaking experim ents, it is desirable to obtain a sense o f the range o f key 
param eters and their effects. Previous study showed that a straightforward single pulse 
analysis provides insight [114]. It is not the purpose of such a model to accurately 
represent the com plete process in detail, but rather to guide the experim ents. In that 
regard, a useful benchm ark is the energy requirem ent to bring niobium  surface into the 
SSM  m elt range in a single pulse.
Here a sim plified m odel was used to simulate laser polishing as described in [114]. 
A one-dim ensional conduction heat transfer equation eqn. (1)
d T ( z , t ) d f  dT ( z , t ) ' )  A (z , t )
dt dt
k (T)-
dt
(1)p ( T ) c p(T)
is used to m odel the tem perature at the center of the laser spot, where T(z,t) is the 
tem perature at depth z at time t, p  is the mass density, k = k'/Pcp is the therm al diffusivity, 
k ’ is the specific therm al condicutivity, and cp is the specific heat capacity. The material 
is treated as a one-dim ensional sem i-infinite solid, because the diam eter o f the m elted 
zone is large com pared to the m elt depth (-1 0 0  pm  vs. -1 0 0  nm  respectively). The source 
term,
A(z,t) = cd(m-R)e-K + A U(z,t) (2)
includes heat generated by absorption o f the G aussian laser pulse
m
where a is the optical absorption coefficient, and R is the optical reflectivity at the laser 
w avelength. In Eqn. 2, AU(z,t)  represents the internal heat sinks associated with the 
latent heat o f the phase transform ations o f the material. Cooling is by conduction only; 
no radiant or convective heat loss was considered. The m aterial is hom ogeneous and the
122
=  /  e ~ {t~ to )1 l 2cr2O (3)
density, p,  is taken to be constant, but tem perature dependent values for k ’ and cp are used 
in the finite difference m ethod applied to num erically solving Eqn. 1. W hile this method 
provides an excellent tool for sim ulating the tem perature profile produced by absorption 
o f a laser pulse, the w ide range o f local surface topography m ay have an even larger 
im pact on the actual tem perature profile realized on real Nb samples.
A plot o f the sim ulated surface tem perature is shown in Figure 4.1. The dashed line 
corresponds to the m elting tem perature and the dotdash to boiling. The figure shows the 
tim e course of surface tem perature associated a single 8 ns laser pulse for the indicated 
fluences, and the heat sink due to the latent heat o f melting is apparent, particularly 
during cooling.
The sim ulation also com putes the tem perature vs. depth profile and the m axim um  
depth o f m elting which can play an im portant role in the resulting laser polished surfaces. 
The m axim um  melt depth is 375 nm  for a fluence o f 2.75 J/cm 2, 127 nm for 2.25 J/cm 2, 
and 60 nm  for 2.0 J/cm 2. W e note that these conditions readily allow for recrystallization 
o f the superconducting RF penetration depth ( -4 0  nm). Recrystallization may help 
im prove the crystal quality in the surface layer from  m echanical dam age or im purities. 
This raises the prospect that rather than needing to rem ove the "surface dam age layer" 
following fabrication by chem ical or m echanical means, one may be able to directly 
"heal" the surface thus significantly sim plify the niobium  cavity preparation process.
The accum ulation o f residual heat when m ultiple laser pulses are incident on the 
surface has also been sim ulated, and the results indicate a small sequential rise in the 
peak tem perature and m elt depth for each laser pulse. On the other hand, at the fluence 
conditions for laser polishing, the reflectance of the real Nb surface will improve
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sequentially w ith each laser pulse, resulting in falling absorption (heating) with each 
pulse. This effect counters the residual heat accum ulation, helping to regulate the peak 
temperature and melt depth over the treatm ent o f many laser pulses.
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Figure 4.41. The sim ulated surface tem perature for N b due to the absorption o f a 8 ns 
1064 nm laser pulse for varying fluence values. The m elting and boiling tem perature are 
shown as dash and dot/dash lines respectively.
To sum m arize, the expected sequence o f events is that a pulse arrives at an am bient 
tem perature surface. The surface tem perature rises until the end of the pulse, followed by 
tem peratures below the surface. A ccum ulating heat from  previous pulses to the same 
location will move the fluence requirem ent for melting tem perature lower. D ifferences 
of surface topography arising from different prior processing history can affect
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absorption of the laser beam  energy, leading to differences in heating. Further, each 
successive pulse is expected to bring a corresponding increm ent o f sm oothening. This 
w ill change both the energy absorbed from  the beam  and reduce the extent o f further 
sm oothening during the melt duration from  the present pulse. U ncertainties aside, this 
sim ple sim ulation serves to direct attention to the range o f a few -tenths J/cm  per pulse, 
w ith details to be resolved by experim ent.
4.3. Experim ental M ethods
4.3.1. Laser treatment system
A Spectra-Physics High Intensity Peak Power O scillator (HIPPO) table top laser 
(Figure 4.2), optim ized for m icrom achining, operating at 1064 nm  was used as the laser 
source. The beam  w as m easured to be a G aussian with a Spiricon CCD  cam era based 
beam  profiler. The beam  was directed (Figure 4.3) into the U HV  cham ber o f a PLD -5000 
System  (Figure 4.4) from  PVD Products Inc. The nominal angle of incidence o f the laser 
beam  on sample was 60°. The focused spot size on the sam ple was 62 pm  x 124 pm  as 
measured by  a knife-edge technique at the sample surface. The beam  intensity at the 
sample position was m easured as the change in reflected intensity when traversing a razor 
blade across a high reflectivity sample. The repetition rate was 19 kHz, and the pulse 
length at this repetition rate was about 8 ns. The sam ple holder was located at the center 
of the UHV cham ber, as shown in Figure 4.5 and Figure 4.6, and each sam ple could 
rotate individually w ith a speed up to 60 rpm. D uring polishing, the sam ple rotating speed 
was adjusted accordingly to satisfy the pulse accum ulation requirem ent. The cham ber
7 8was pumped down to -1 0  - 10' Torr before the polishing experim ents. The pressure 
during polishing never exceeded the high 10~7 Torr range.
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Figure 4.42. Spectra-Physics High Intensity Peak Pow er O scillator (HIPPO) table top 
laser used as the laser source in the laser polishing experim ents
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Figure 4.43. Optics to steer laser beam  from  laser source into the PLD -5000 System
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Figure 4.44. PLD-5000 system from PVD Products Inc.
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Figure 4.45. Vacuum cham ber o f the PLD -5000 System
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Figure 4.46. The sam ple holder in the vacuum  cham ber o f the laser treatm ent system. It 
can accom m odate three samples at a time. The other three are for liquid target.
Reflectivity o f niobium  as a function o f incident angle can be calculated with the 
equations below [9]:
[n -  ( 1 /c o s  4>)]2 +  k2 
[n +  ( 1 /c o s  4>)]2 +  k2
(n  — cos cj>)2 +  k2 
(n  +  cos cf>)2 +  k2
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The reflectivity as a function o f incident angle is plotted in Figure 4.7. Our 
experim ent setup delivered p-polarized incident light onto the sam ple with 60 degree 
incident angle, therefore the reflectivity is 66.69%.
100-, p-polarization
s-polarization
89.9590-
80-
2>
>
70-
66.69
60-
50-
10060 800 20 40
Angle of incidence (degrees)
Figure 4.47. Reflectivity o f niobium  for 1064 nm  light at different incident angles
4.3.2. Material and preparation
The niobium  sam ples were 49 m m  diam eter disks (Figure 4.8) cut from  3.2 mm 
thick sheet m aterial o f the type used for cavity fabrication. BCP practice varies in etch 
time and conditions depending on the application. We previously [75] [74] [86] reported
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that even a few m icrons removal by BCP produces the same topography as heavy 
removal, as revealed by pow er spectral density (PSD) analysis o f atomic force 
m icroscopy data (see later). To enable m ultiple etch/polish cycles with the same samples, 
we em ployed a light etch, one minute in 1:1:1 BCP solution at 23°C, rinsed w ith de­
ionized w ater and air dried. This procedure is used at Jefferson Lab to prepare cavities 
for welding. The sam ple disks were then loaded into the laser treatm ent system  and the 
cham ber evacuated.
Figure 4.48. A niobium  sample disk with laser treated rings
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4.3.3. Polishing parameters
The fluence and the pulse accum ulation were the two main param eters studied. The 
fluence was the energy density per pulse. The pulse accum ulation could be expressed as 
the num ber o f pulses overlapped w ithin one spot width, or pulse displacem ent. During 
laser polishing the sample rotated about its own center at the chosen speed, w hile the 
beam  w as kept stationary or traversing along a radius. The target rotation was adjusted 
according to pulse accum ulation required. W ith a stationary laser beam , each revolution 
o f the target produced a polished single circle track on the sample. Changing the beam  
location on the sam ple yielded a series o f concentric circles on the disks. Single track 
experim ents were used for param eter optim ization; Table 4.1 sum m arizes the range o f 
these param eters explored. W ith laser beam  m oving along the radius o f the sample in a 
series of steps, a ring com prised o f m ultiple tracks could be produced. This experim ent 
was used to explore the feasibility o f treating large areas by beam  rastering. The overlap 
fraction betw een tracks was explored from  0 to 100%, seeking the sm allest overlap that 
gave no visible seam.
Table 4.7. Laser Irradiation Param eters
Laser power Fluence Number of pulses overlapped Pulse displacement Scan speed
W J/cm2 Within one beam width pm cm/s
1.51-10.98 0.68-4.96 10-670 6.2-0.14 11.78-0.27
4.3.4. Characterization
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A fter laser treatm ent, the topography was exam ined by optical m icroscopy (HIROX 
K H -7700 High Resolution D igital-V ideo M icroscopy System, Figure 4.9) and atomic 
force m icroscopy (AFM ) (Digital Instrum ents Nanoscope IV, Figure 4.10). A FM  was 
done in tapping m ode w ith silicon tips and the scan size was 25 pm  x 25 pm  or 50 pm  x 
50 pm  for each image. Each A FM  im age consisted o f 512 scan lines and there w ere 512 
data points for each line. Root mean square (RM S) roughness values were obtained from 
these AFM  data.
As discussed at length previously [86], roughness values are not a sufficiently 
incisive view o f topography for the present purpose. The optics com m unity encountered 
this issue long ago and turned to Fourier analysis to provide a direct view o f the 
contributions at different length scales, pow er spectral density (PSD). PSD  routines are 
found in the software packages accom panying A FM ’s, but they do not deal w ith a 
num ber of issues. It was therefore necessary to develop our own software, described 
elsewhere [75]. The understanding o f detailed analysis o f PSD data from  SRF cavities is 
still advancing, but some inferences can reliably be made. As noted by optics 
researchers, sharp features lead to a straight line on a log/log plot. Rounding the sharp 
edges leads to relatively greater intensity loss at short w avelengths. The topography 
arising from certain processes (BCP, EP) gives rise to characteristic PSD plots, useful as 
fingerprints, w hile developm ent o f a m ore fundam ental understanding proceeds. Power 
spectral density (PSD) analysis was applied to the AFM  data using a program  developed 
by one o f our colleagues, C. Xu [75] (Figure 4.11). For all the surfaces, we used a second 
order de-trending and a Blackm an window  during the analysis.
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Figure 4.49. H IRO X  K H -7700 High Resolution Digital-V ideo M icroscopy System  for
optical inspection o f sam ples
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Figure 4.50. AFM  (D igital Instrum ents Nanoscope IV) scan setup o f laser treated
niobium  disk
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Figure 4.51. PSD  program  interface for calculating PSD  plot from  AFM  data
4.4. Results and discussion
4.4.1. Effect of fluence on topography
W e studied the effect o f varying fluence at fixed pulse accum ulation. W ith the 
sim ulation result in mind, we covered a w ider range of fluences (0 .68 -4 .96  J/cm 2) than 
the sim ulation to check our estim ation. This also helps taking care o f the offset between 
idealized model and realistic conditions.
Figure 4.12 shows the optical im age o f niobium  surface after laser treatm ent at 4.96 
J/cm 2 and 2.94 J/cm 2. The pulse accum ulation was 53 pulses overlapped within one spot 
width.
Figure 4.52. Optical m icroscope im age of niobium  surface after laser treatment: (A) 4.96
9 9J/cm ', 53 pulses overlapped. (B) 2.94 J/cm  , 53 pulses overlapped.
Since our interest w as in the polishing region, we decided to low er the fluence range 
to 0.68 ~ 2.71 J/cm 2. A t the sam e time, we reduced pulse accum ulation to 34 pulses
overlapped w ithin one spot w idth. H ere we were looking for the low er limit o f fluence 
having polishing effect on niobium  surface. Figure 4.13 shows the optical image of 
niobium  surface after laser treatm ent at 2.27, 1.13, 0.90, and 0.68 J/cm 2.
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Figure 4.53. O ptical images o f niobium  surface after laser treatm ents: (A) 2.27 J/cm 2. (B) 
1.13 J/cm 2. (C) 0.90 J/cm 2. (D) 0.68 J/cm 2. Pulse accum ulation was 34 pulses overlapped 
per spot w idth, equivalent to 1.8 pm  pulse displacem ent or a scanning speed of 3.5 cm/s.
Figure 4.14 shows the AFM  im ages o f niobium  surface received laser treatm ent at 0, 
0.68, 0.90, and 1.13 J/cm 2, with 34 pulses overlapped. Figure 4.14 (A) is a typical BCP
surface. The crater and the sharp edge are signatures of chem ical etching. Figure 4.15 (B) 
is a slightly over m elted surface, where the ripples pile up resulting a rough surface. 
Figure 4.15 (C) and (D) are both polished surfaces, where the sharp edges from  BCP are 
sm oothed but no new roughening is introduced.
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Figure 4.54. AFM  im ages o f the niobium  surface after laser treatm ent, with 34 pulses 
overlapped and fluence indicated. (A) BCP surface w ithout laser treatm ent; (B) 1.13 
J/cm 2; (C) 0.90 J/cm 2; (D) 0.68 J/cm 2. Scan area 25 pm  x 25 pm. Horizontal scale: 5 pm 
per division. Vertical scale: 0.5 pm  per division.
Figure 4.15 presents the PSD analysis corresponding to the AFM  im ages in Figure
4.14. The BCP treated surface shows the characteristic straight line on the log-log plot o f 
PSD. The polished surfaces show a concave curve where the PSD values at high 
frequencies are low er than the BCP curve. 0.68 and 0.90 J/cm 2 laser treatm ent produced a
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sm oothened surface, w hile 1.13 J/cm 2 laser treatm ent produced a surface having critical 
topographic features sim ilar to the starting BCP surface. W e w ould attribute the 0.68 and 
0.90 J/cm 2 case to SM M , while the 1.13 J/cm 2 case shows more evidence o f SOM  [124]. 
Sim ilar changes for BCP surfaces subjected to EP have been reported [74] [75] [86].
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Figure 4.55. PSD of niobium  surface after laser treatm ent with different fluence, w ith 34 
pulses overlapped. The four curves are calculated from  the AFM  im ages shown in Figure
4.14.
To sum m arize the effect o f fluence on polishing effect, our experim ents showed that
2 2 above 1.13 J/cm  , with 34 pulses overlapped, the surface was over-m elted. For 0.90 J/cm
and 0.68 J/cm  with the same pulse accum ulation, there was no over-m elting on the
surface. Therefore, for 34 pulses overlapping, we suggest 0 .68 -0 .90  J/cm 2 to be the
proper fluence range for polishing.
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4.4.2. Effect of pulse accumulation on topography
W e studied the effect of varying pulse accum ulation at a fixed fluence at 2.27 J/cm 2. 
The num ber o f pulses overlapped (accum ulated) w ithin one pulse w idth (one beam  spot 
diam eter) ranged from  10 to 360. The surface was slightly over-m elted around 34 pulses 
and the surface becam e dam aged for pulse accum ulations much greater than 34 pulses. 21 
pulse accum ulation was in the region where the surface is ju s t melted to the desired 
degree to sm ooth out the sharp features without introducing over-m elting features, what 
we defined as polished. For 10 pulses accum ulation, the laser treatm ent track was 
difficult to find in the optical picture but did show polishing effect under AFM . Figure 
4.16 shows selected optical im ages o f surfaces after laser treatm ent at 2.27 J/cm 2 with 
335, 50, 34, 21, and 10 pulses overlapped within one spot width.
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Figure 4.56. O ptical im ages o f niobium  surface after laser treatm ent at fluence of 2.27 
J/cm 2 with different pulse accum ulation. (A) 335 pulses. (B) 50 pulses. (C) 34 pulses. (D) 
21 pulses. (E) 10 pulses. 21 pulses accum ulation achieved the best sm oothness. This is 
equivalent to 3.0 pm  pulse displacem ent or a scanning speed of 5.6 cm/s.
W e narrow ed our scan range down to 36~50 pulses overlapped with the fluence 
fixed at 2.27 J/cm 2. This is like a “fine tuning” process looking for the transition number 
between polishing and dam aging. Figure 4.17 shows the selected optical im ages of 
niobium  surface after laser treatm ent at fluence o f 2.27 J/cm 2 with 3 6 -5 0  pulses 
overlapping. It turned out that we were not too far away from  the upper lim it o f number 
o f pulses overlapped needed in the polishing region. W hen 37 pulses overlapped, the 
surface already started to show evidence o f overheating.
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Figure 4.57. Optical im ages o f niobium  surface after laser treatm ent at 2.27 J/cm 2 with 
different pulse accum ulation. (A) 38 pulses. (B) 37 pulses. (C) 36 pulses.
Figure 4.18 shows the AFM  im ages of niobium  surface after laser treatm ent at 2.27 
J/cm “ with varying pulse accum ulation. The num ber o f pulses overlapped (accum ulated) 
w ithin one pulse w idth (one beam  spot diam eter) shown here were 10, 21, and 34. 
Polishing effect is shown for 10 pulses accum ulation here. 21 and 34 pulse accum ulation 
showed polishing effect as seen in the optical images. Figure 4.19 is the corresponding 
PSD  analysis o f the im ages in Figure 4.18. From  11 to 23 and then 34 pulses overlapped, 
the PSD shows steady im provem ent o f surface smoothness.
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Figure 4.58. A FM  im age o f niobium  surface after laser treatm ent with constant fluence 
(2.27 J/cm 2) and varying pulse accum ulations. (A) untreated BCP surface. (B) 10 pulses. 
(C) 21 pulses. (D) 34 pulses. Scan area 25 pm  x 25 pm._Horizontal scale: 5 pm  per 
division. V ertical scale: 0.5 pm  per division.
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Figure 4.59. PSD of BCP treated niobium  surface and the surface after laser treatm ent 
with a fluence o f  2.27 J/cm 2 and different pulse accum ulation (10, 21, and 34 pulses 
accum ulated w ithin one spot width). The four curves are calculated from  the AFM  
images shown in Figure 4.18.
4.4.3. Effect of overlapping ratio in multi-track treatment on 
topography
In order to achieve laser treatm ent in a larger area, the laser beam  was stepped along 
the radius w hile the target was rotating. The track of the laser beam  spiraled from  the 
edge tow ards the center o f the disk, each circle overlapped with the next one at a chosen 
ratio. U sing an optim ized com bination o f fluence and pulse accum ulation (1.13 J/cm", 34 
pulses accum ulated within one spot width), we were able to treat larger area by 
overlapping tracks at different ratios. Figure 4.20 shows the optical image o f niobium  
surface treated with overlapping ratio o f 0.6, 0.7, and 0.983. Here the overlapping ratio is
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calculated as the width overlapped between two neighbor tracks versus the spot length. 
The rem oval o f sharp edges on the surface is apparent.
Figure 4.21 is the AFM  im ages from  the rings in Figure 4.20. And Figure 4.22 is the 
PSD calculated from  the AFM  images in Figure 4.21. The sm oothing effect from 
different overlapping ratios is very similar.
Figure 4.60. O ptical im age o f niobium  surface after laser treatm ent at 1.13 J/cm 2 and 34- 
pulse accum ulation. Each ring consists o f five tracks overlapping with their neighbors. 
The overlapping ratios between two neighbor tracks tested varied from  0 to 100%. Above 
are selected im ages with overlapping ratio of: (A) 0.6 overlapping; (B) 0.7 overlapping; 
(C) 0.983 overlapping.
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Figure 4.61. A FM  im age of niobium  surface after laser treatm ent at 1.13 J/cm  and 34 
pulse accum ulation. Each laser treated ring consists o f 5 laser tracks overlapping with 
each other at chosen ratio. (A) untreated BCP surface. (B) 0.6 overlapping. (C) 0.7 
overlapping. (D) 0.983 overlapping.
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Figure 4.62. PSD o f niobium  surface after laser treatm ent at 1.13 J/cm  and 34 pulse 
accum ulation. The four curves are calculated from  the A FM  im ages shown in Figure 
4.21.
4.4.4. Summary of polishing parameters
Figure 4.23 sum m arizes the param eter space we explored in this study. Figure 4.23 
(A) shows all the param eters tested. The triangles represent conditions where no 
polishing was found or over-m elting happened, and the circles represent conditions where 
polishing was achieved. Figure 4.23 (B) shows an enlarged plot of the polishing region 
only.
W e noticed that pulse accum ulation and fluence are coupled when establishing the 
effective region. There is an upper limit o f fluence at which one pulse could destroy the 
surface. There is also a lower limit of fluence where the surface will not be polished 
regardless o f pulse accum ulation. Between these two limits, polishing could happen as
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long as the pulse accum ulation is adjusted according to the fluence o f each pulse. That 
means proper com bination o f fluence and scanning speed is im portant to achieve 
polishing effect. It also m eans there is some flexibility for choosing polishing param eters, 
even if not much. G iven certain fluence, there is a  narrow range for pulse accum ulation 
that can provide partial m elted surface; and vice versa. Since the pulse accum ulation is 
related to scanning speed, this means one benefit of higher fluence is possibly a higher 
polishing rate, because few er pulses are needed in a given area if  the energy per pulse is 
high. This correlation between pulse accum ulation and fluence is presum ably related to 
the heat history left on the target by each pulse.
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Figure 4.63. Sum m ary o f the param eters covered in this study. Triangle points are 
conditions where no polishing or over-m elting happened. R ound points are conditions 
where polishing happened. (B) is the polishing points m agnified from  (A).
For future research, it would be useful to continue this study with more precise 
control o f the param eters and a wider range of variables accessible; for exam ple, 
changing the pulse w idth, lower the repetition rate and changing the sam ple temperature. 
It w ould also be very helpful if the sample tem perature and the topography could be 
closely m onitored and perhaps controlled during the polishing process.
4.5. C om paring laser polishing with other polishing m ethods
W e com pared the topography o f laser polishing (Figure 4.15, Figure 4.19) with that 
o f the other surface treatm ent methods (Figure 4.24, Figure 4.25). Sam ple A was 
subjected to 100 pm  removal by 1:1:2 BCP (“heavy BCP”). Sam ple B “EP” was first 
subjected to 100 pm  rem oval by 1:1:2 BCP and then a further 50 pm  removal by
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electropolish, a heavy EP as previously described [129]. Sam ple C “C B P” is a typical 
C BP surface, prepared as described in reference [130]. The visible effect o f EP on the 
PSD, even for as little as 5 pm  rem oval [75] is to elim inate the straight line (pow er law) 
profile associated w ith the sharp edges o f BCP, much as does laser polishing.
As shown in Figure 4.24, the EP surface is sm ooth everyw here w ithout any sharp 
features. The wavy topography is probably due to the heavy BCP starting surface. The 
BCP surface is full o f sharp edges due to etching. And the CBP surface has the sm allest 
height variation but shows some special patterns on small scale. The different 
characteristics o f these surfaces result from  their very different polishing mechanisms. 
The laser polished surface m ost closely resem bles the EP surface.
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Figure 4.64. AFM  im ages of niobium  surface after: A) BCP; B) EP; C) centrifugal barrel 
polishing (CBP), Scan size was 50 pm  x 50 pm. H orizontal scale: 10 pm  per division. 
Vertical scale: 10 pm  per division (A and C) and 5 pm  per division (B).
Figure 4.25 presents the PSD analysis o f the surfaces in Figure 4.24 in one plot for 
com parison. The BCP surface (square m arker) shows alm ost a straight line going down at
5 1 3 - 1a slope o f about 45° from  6x10 ' nm ' to 5x10 ' nm" . The EP surface (circle marker) 
shows a recession in the middle of the BCP dow nward 45° line from  6xl0"5 n m '1 to 3x10' 
3 nm"1. W e interpret this as the features in this frequency range were significantly reduced 
on EP surface com paring to BCP surface, with a turning point around 5 x l0 ’4 nm 1 where
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the reduction slow ed down and started to plateau out tow ards higher frequency. The CBP 
surface (star m arker) curve shows low er PSD than the other curves over m ost o f  the 
frequency range except the slight hum p around 10'3 nm"1. Laser polished (LP) surfaces 
(Figure 4.15, Figure 4.19) show concave curvature having a low er PSD value than BCP 
line being from  4xl0"4 nm '1 to 10'2 nm '1. W e interpret this as the high frequency features 
(sharp edges) on BCP surface were reduced, while the lower frequency features o f the 
background B C P surface stayed unchanged. The LP curve overlapped the EP curve 
towards the high frequency end and at the low frequency limit, m eaning the features 
w ithin this range w ere sim ilar on these two types o f surfaces.
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Figure 4.65. PSD analyses of the BCP, EP, and CBP surfaces corresponding to the AFM 
images in Figure 4.24.
4.6. Conclusion
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Laser polishing o f niobium  was achieved by controlling fluence and pulse 
accum ulation. Im ages and PSD analysis showed that the best polishing result was below 
a fluence o f 0 .90 J/cm 2. At this fluence range, 34 pulses overlapped within one spot width 
provided the sm oothest surface. The fluence could vary from  0.57 to 0.90 J /cm ' if 
adjusting the pulse accum ulation accordingly.
Larger area polishing was achieved by rastering laser tracks next to each other with 
appropriate overlapping ratio. At optim ized fluence and pulse accum ulation, laser tracks 
overlapping at a few ratios all showed sm oothed surface.
Com parison o f topography and PSD analysis o f laser polishing with other polishing 
m ethods shows that laser polishing sm ooths sharp features of niobium  in a way sim ilar to 
EP. H aving established that a laser can produce sm ooth surfaces encourages us to 
proceed tow ards the application o f laser polishing to extended niobium  surfaces.
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CHAPTER 5
Laser Polishing of Niobium for SRF Applications -  
Application on different surfaces
5.1. Introduction
The topography that im pacts the perform ance o f SRF cavities arises during the 
m anufacturing process. Details differ som ew hat am ong the organizations, but the main 
steps at the Jefferson Lab (JLab) SRF Institute have m uch in com m on with those 
elsewhere. The standard niobium  starting m aterial is specially purified and processed 
sheet, about 3 m m  thick with a -5 0  pm  grain size. D iscs are cut, deep-draw n and 
trim m ed to form  cups (half-cells). If needed to rem ove m ajor defects, the cavities are 
m echanically polished. They are etched to rem ove a few p m  o f surface (“ light BCP”) and 
e-beam  w elded to form the cavity. M ore than 100 pm  is etched from  the interior surface 
(“heavy BCP”) and the cavity is subjected to high pressure rinsing. BCP (buffered 
chem ical polishing) is im m ersion in a 1:1:1 or 1:1:2 m ixture o f concentrated 
hydrofluoric, sulfuric and phosphoric acids [29]. For many years, cavities in this state 
were tested and assem bled into cryom odules for installation in the accelerator. Such 
w ould be the surface condition of cavities com ing from cryom odules being routinely 
cycled out for m aintenance. Currently new production cavities are electropolished
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(“EP” ) to rem ove a further 30 pm  from  the interior surface before the final low 
tem perature bake. A lternative schem es are being investigated, including polishing- 
chem istry free o f hydrofluoric acid and more extensive m echanical polishing. For 
exam ple, at JLab centrifugal barrel polishing (“C B P”) is being tested as a substitute for 
the BCP heavy etch, leaving only the 30 pm  rem oval by EP [115] [131] [116] [132].
All these approaches com bine m echanical and chem ical polishing o f various sorts in 
varying degrees. They may bring im provem ents, but they are not likely to be game- 
changers. M oreover, the increasing standards for gradient and energy efficiency are 
forcing cavity builders tow ard 100% inspection o f the interior surface. As an alternative, 
laser polishing offers some attractive benefits. A m ong the m ost advantageous: no 
chem istry, no surface contact, sim ultaneous m onitoring and option to re-do all or part of 
the surface. To fully realize these benefits, a lengthy journey  lies ahead to the point 
where the accelerator com m unity can utilize laser processed accelerating cavities in an 
operating machine. The small step presented below aims to dem onstrate that laser 
polishing can attain the topography and chem istry needed, given the expected range of 
starting surface conditions.
Laser polishing relies on optical beam  heating to partially m elt the metal surface. 
Partial melting o f the surface (or shallow surface m elting, SSM ) is preferred instead of 
form ation of a full liquid surface layer (or surface over-m elting, SOM ) [123], Usually 
pulsed lasers are used so that the melt duration is short and cooling happens quickly. 
D uring the short period of melting (a few nanoseconds), the surface tension works to 
sm ooth out sharp features. Recall that sharp surface features are harm ful to cavity 
perform ance. The absence o f a fully-form ed surface melt layer avoids hydrodynam ic
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effects such as the form ation of ripples that can rem ain upon solidification, resulting in a 
harm ful sharp roughness. The final sm oothening is the consequence o f the total melt 
duration, the sum  o f the effect o f all pulses delivered to a location. Since the effect of 
any single pulse is reduced by the smoothening from  previous pulses, it is expected that 
there will be an optim um  total melt tim e (= num ber o f laser pulses) for best process 
efficiency.
Laser polishing could be inserted at a num ber o f points in the process for new 
cavities, beginning with the com pletion o f m echanical assem bly. It could also be applied 
to existing cavities as the cryom odules in which they are housed are routinely cycled out 
for refurbishm ent. Several surface conditions need to be exam ined as starting points: 
m echanically polished only, centrifugal barrel polished (CBP), light BCP and heavy BCP 
(existing cavities). A surface condition w ith essentially no initial topography is provided 
by coupons that have been m etallographically polished to < 50 nm  Ra, term ed nano­
polished (“N P”) in our previous work. Such sm oothness facilitates application o f the 
characterization techniques discussed later.
In this study, we selected a few different starting surfaces for laser polishing, 
including CBP surface, mechanical polished surface, and w eld preparation surface. These 
are all surface conditions expected for cavity production. Laser polishing was done on 
these surfaces using the optim ized param eters in the previous study. K nowing the effect 
o f laser polishing on these surfaces helps us learn how laser polishing can be integrated 
into cavity fabrication. W e also com pared the topography o f laser polished niobium 
surface with surfaces produced from other polishing methods.
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5.2. Experim ent
5.2.1. Material and preparation
N iobium  squares 1 cm  x 1 cm  were cut from  3 m m -thick sheet m aterial used for 
cavity fabrication.
For the “C B P” surface, a niobium  tube was internally polished in the CBP 
equipm ent, operating as described in reference [132], and then squares were cut from the 
tube by electrical discharge m achining (EDM ).
For the m echanical polished surface, the niobium  squares were polished to m irror 
finish w ith silicon colloidal o f 0.1 pm  diameter.
For the w elding preparation surface, the niobium  squares were lapped (mechanical 
polishing w ith rough sanding material) and treated 1:1:1 BCP at am bient tem perature for 
1 m inute (“ light BCP”). A further sam ple set was subjected to 1:1:2 BCP for time 
sufficient to rem ove mass equivalent to 120 pm  (“heavy B C P”).
Finally, nanopolished samples (“N P”) (see later) w ere prepared for SIM S. The 
quotes above indicate the name by which each item  is called later. All samples were 
cleaned ultrasonically w ith detergent and de-ionized w ater after polishing. They were 
then dried and loaded onto the sample holders in the laser treatm ent apparatus.
5.2.2. Laser treatment
A Spectra Physics High Intensity Peak Power O scillator (HIPPO ) microm achining 
laser operating at 1064 nm  provided the source for laser polishing. The repetition rate 
was 19 kHz, and the pulse length was about 8 ns. The beam  was directed into the process 
cham ber o f a PLD 5000 system  from PVD Products Inc. The angle between the incident 
beam  and the metal surface norm al was 60°. The beam  incident onto the niobium  surface
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was p-polarized, with a nom inal reflectivity of -68% . The sam ple holder could 
accom m odate three discs and each disk could rotate at a speed up to 60 rpm. The square 
sam ples were fit into three alum inum  discs, each having four 1 cm  x 1 cm  openings to 
hold up to four square sam ple coupons. The focused spot size on the sample was 62 pm  x 
124 pm  FW HM  (2o o f G aussian beam, equivalent to a spot area o f 6.04 x 1 0 5 cm 2). The 
spot size was m easured separately by m onitoring the intensity o f  the beam  reflected from 
a highly polished sample as a razor blade traversed the beam  spot on the sam ple surface.
7 8The vacuum  cham ber w as pum ped down to 10' -1 0 ' Torr before the polishing and never 
exceeded 10'7 Torr during each run.
Polishing param eters w ere chosen according to previous studies [133]. The fluence 
studied was from  0.67 J/cm 2 to 1.12 J/cm 2, with 34 pulses accum ulated in one spot width.
5.2.3. Characterization
The sam ples were exam ined with optical m icroscopy (H IROX K H-7700 High 
Resolution D igital-V ideo M icroscopy System) and scanning electron m icroscope (SEM  - 
Phenom  G2 Pro desktop SEM , Figure 5.1). A tom ic force m icroscopy (AFM  - Digital 
Instrum ents N anoscope IV) w as applied to selected sm ooth-appearing areas to determ ine 
if indeed they were sm ooth as it is relevant for SRF -  free o f sharp features. AFM data 
were collected with "tapping" mode with a scan rate o f 0.5 Hz. The scanned area w as 25 
pm  x 25 pm , each scan com prising 512 equally-spaced points. Power spectral densities 
(PSD) were calculated from  AFM  data, as described in references [74] [75] [86].
M elt processing o f  the surface brings attention to the possibilities o f grain re-growth 
vs the nucleation o f new grains or perhaps other unanticipated outcom es. Electron back- 
scatter diffraction (EBSD) was used to visualize surface grain crystallographic
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orientation. The work was carried out at the N anoscale Characterization and Fabrication 
Laboratory at V irginia Tech, using a FEI H elios 600 Nanolab dual-beam  FIB equipped 
with a Pegasus XM -4 EBSD system. The e-beam  used was 2.7 nA at 20 kV with a 15 
m m  w orking distance.
It is also im portant to understand the chem istry o f the surface layer due to the 
shallow RF penetration in the superconducting state (-4 0  nm) lends great im portance to 
the chem istry o f this layer. It is reasonable to inquire as to w hat effect laser polishing 
might have. W e have previously em ployed secondary ion m ass spectrom etry (SIM S) to 
determ ine com position as a function o f depth below  the surface (sputter profile) of 
niobium  m aterials [83]. The present m easurem ents were perform ed by the Analytical 
Instrum entation Facility at North Carolina State University.
TO F-SIM S [134] is a highly sensitive surface analytical technique for acquisition of 
elem ental and m olecular inform ation from  the surface o f a m aterial w ith high spatial and 
mass resolution. A finely focused, pulsed prim ary ion beam  is rastered across the surface 
of the sam ple and the secondary ions em itted at each irradiated point or pixel are 
extracted into a time o f flight mass spectrom eter, mass filtered, and counted. W ith dual 
beam  operation, m eaning sputtering with Cs ion beam  and analyzing with liquid metal Bi 
ion beam, a depth profile of ions can be obtained. TO F-SIM S analyses were conducted 
using a TO F-SIM S V (ION TOF, Inc. Chestnut Ridge, NY) instrum ent equipped with a 
Bi„"'+ (n = 1 - 5, m  = 1 , 2 )  liquid metal ion gun and Cs sputtering gun. The analysis 
cham ber pressure was m aintained below 5.0 x 10’9 m bar to avoid contam ination of the 
surfaces to be analyzed. For the depth profiles acquired in this study, 1 keV low energy 
Cs+ with 10 nA current was used to create a 150 pm  x 150 pm  crater, and the middle 10
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pm  x 10 pm  area was analyzed using 25 keV Bi}+ prim ary ion beam  at 0.35 pA current. 
The negative secondary ion mass spectra obtained were calibrated using H \ C ‘, O ', AlO , 
N b \
Figure 5.66. Phenom  G2 Pro desktop SEM
5.3. R esults and discussion
5.3.1. Effect of laser polishing on CBP surface
5.3.1.1. Topography and surface roughness
Figure 5.2 shows the optical and SEM  image of laser polished C B P surface; the laser 
track is evident. The visual appearance o f the CBP surface is m irror-like, but the 
m icroscopy reveals scratches and pits, even if the RM S value is only tens of nanometers. 
Figure 5.3 shows the AFM  images o f CBP surface before and after laser polishing. Small 
w aviness was introduced by the laser polishing but the scratches and pits due to the CBP 
process w ere elim inated. The pre-and post-treatm ent roughness values (Rq) were 36 nm 
and 85 nm , respectively. These values are presented for com parison; they provide little 
insight into topography as it is relevant to SRF applications. The PSD  analysis in Figure 
5.4 presents another view of the topography change. A fter laser polishing, contribution 
from  the low er frequency region (below 3 x 10"4 n m '1) increased, w hile contribution from 
the higher frequency region (above 3 x 10"4 nm '1) decreased. This accounts for the higher 
roughness value after treatm ent. The relatively gentle w aviness is understood to be 
w ithout adverse im pact on SRF perform ance, in contrast w ith the small, sharp features 
that can reduce SRF perform ance. W e note that application o f PSD  analysis to CBP 
topography studies appears not to have occurred within the SRF com m unity previously. 
Further study is needed to gain deeper understanding.
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Figure 5.67. (A) Optical and (B) SEM  im age o f CBP niobium  surface with laser polished
'y
track. Laser fluence was 0.71 J/cm  and pulse accum ulation was 34 pulses per spot width.
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Figure 5.68. AFM  im age o f CBP niobium  surface (A) before and (B) after laser
'y
polishing. Scan area 25 pm  x 25 pm. Laser polishing fluence was 0.71 J/cm  and pulse 
accum ulation was 34 pulses per spot width.
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Figure 5.69. PSD  plot o f CBP surface before and after laser polishing, calculated from 
the A FM  data in Figure 5.3.
5.3.1.2 TO F SIM S analysis
In order to understand how laser polishing changes surface chem istry o f niobium, 
depth profiles w ere obtained by TO F SIMS on the CBP niobium  surface from  previous 
session. Figure 5.5 shows the depth profile o f hydrogen and oxygen related species on 
niobium  surface before and after laser polishing. Figure 5.6 shows the depth profile of 
other species such as F-, C-, Si-, S-, C1-, A10-, P 0 2 - (m ostly from  CBP polishing media) 
on niobium  surface before and after laser polishing. C onsider the green (NbH) and red 
(H) traces from  the untreated sample in the m ajor com ponents spectra in Figure 5.5 (A). 
Both show a depressed value for the first 20-25 seconds o f sputtering, corresponding to 
the surface oxide layer. It was found earlier that niobium  oxide and niobium  metal 
sputter at sim ilar rates under the present conditions. Previous study [76] reported the
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oxide layer thickness as 4-6 nm, depending on details, im plying that the total sputter 
depth is o f order 20-30 nm, well w ithin the RF penetration depth. The only evident 
im pact o f laser polishing is that the oxide layer becom es slightly thinner. No evidence o f 
contam ination is apparent in the SIMS data.
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Figure 5.70. SIMS sputtering profiles o f m ajor com ponents o f laser treated CBP niobium.
(A) W ithout laser polishing; (B) 0.67 J/cm  ; (C) 1.12 J /c n r
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Figure 5.71. SIMS depth profiles o f other elem ents found on laser treated CBP niobium.
(A) W ithout laser polishing; (B) 0.67 J/cm  ; (C) 1.12 J/cm
5.3.2. Effect of laser polishing on mechanical polished surface
Figure 5.7 shows the optical and SEM im age o f m echanical polished surface with 
the laser polished area at the center. Figure 5.8 shows the A FM  im age o f the mechanical 
polished surface before and after laser polishing. Figure 5.9 shows the PSD analysis of 
the surfaces corresponding to the ones in Figure 5.8. The m echanical polished surface 
was m irror-like and looked sim ilar to the CBP surface visually, showing a small RMS 
roughness o f 36 nm as CBP surface. U nder SEM  small scratches were observed, 
corresponding to a bigger contribution from high frequency in the PSD analysis. Laser 
polishing was able to remove these high frequency com ponents, proved by both the PSD 
(the region above 7 x 10 4 nm"1) and microscopies. Notice that the PSD showed a linear
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trend that is usually typical for BCP surface. This could be attributed to the pits and 
cracks after laser treatm ent due to non-uniform  therm al properties o f som e contam ination 
and possible over-m elting at certain spots.
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Figure 5.72. (A) Optical and (B) SEM  image o f m echanical polished niobium  surface
'y
with laser polished track. Laser fluence was 0.71 J/cm ‘ and pulse accum ulation was 34 
pulses per spot width.
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Figure 5.73. AFM  im age o f m echanical polished niobium  surface (A) before and (B) 
after laser polishing. Scan area 25 p.m x 25 pm. Laser fluence was 0.71 J/cm 2 and pulse 
accum ulation was 34 pulses per spot width.
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Figure 5.74. PSD  plot of mechanical polished niobium  surface before and after laser 
polishing, calculated form  the AFM  data in Figure 5.8.
5.3.3. Effect of laser polishing on light BCP surface
5.3.3.1. Topography and surface roughness
Figure 5.10 shows the optical and SEM  im age o f light BCP surface with the laser 
polished region at the center. Before BCP, lapping as a coarse m echanical polishing was 
used to make the surface flat. Light BCP is a com m on step follow ing lapping to clean the 
surface. Even for a short duration o f 1 minute, the surface show ed typical BCP etching 
pattern -  accum ulation o f  craters w hose shape depends on the crystal orientation. Their 
edges are usually sharp. After laser polishing the craters and the sharp edges are 
sm oothened. Figure 5.11 shows the AFM  im ages o f the surface before and after laser 
polishing at an area o f 25 pm  x 25 pm. The RM S roughness was reduced significantly 
from  321 nm to 175 nm after laser polishing. The PSD analysis in Figure 5.12 showed
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that the roughness was reduced on all frequency ranges. Laser polishing shows more 
im provem ent when the starting surface is rough, such as BCP surface.
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Figure 5.75. (A) Optical and (B) SEM  image o f light BCP niobium  surface with laser 
polished track. Laser fluence was 0.71 J/cm 2 and pulse accum ulation was 34 pulses per 
spot width.
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Figure 5.76. AFM  im age o f light BCP niobium  surface (A) before and (B) after laser 
polishing. Scan area 25 pm  x 25 pm. Laser fluence was 0.71 J/cm 2 and pulse 
accum ulation was 34 pulses per spot width.
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Figure 5.77. PSD plot o f light BCP niobium  surface before and after laser polishing, 
calculated from  the AFM  data in Figure 5.11.
5.3.3.2. EBSD
In order to understand how laser polishing changes the crystal structure o f niobium 
surface, EBSD  was conducted on light BCP niobium  surface. F igure 5.13 shows an SEM 
image and the orientation map o f the selected area analyzed by EBSD. The SEM  image 
was from  the previous light BCP sample, acquired at 70° tilt in the EBSD instrument. 
The area viewed by the EBSD cam era (green outline) is foreshortened accordingly. The 
laser track extended from bottom  left to upper right. No significant change o f crystal 
orientation was found after laser polishing. The orientation o f the surface grains followed 
the orientation o f the substrate niobium  with very little perturbation after laser treatment.
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Figure 5.78. Orientation image map of the light BCP niobium  surface with laser polishing 
tracks across the surface from EBSD analysis. (A) Corresponding SEM  image containing 
orientation m ap area; (B) Orientation map of the boxed area in the SEM image. Area was 
400 pm  x 400 pm. Data acquired at 1.75 pm  step size.
5.3.4. Effect of laser polishing on heavy BCP surface
Figure 5.14 shows the optical and SEM im age o f  heavy B C P surface w ith the laser 
polished region across the center. Bulk BCP o f m ore than 100 pm  surface rem oval is 
usually used after m achining and electron beam  w elding o f an SRF cavity. D efects and 
contam inations introduced during the m achining are rem oved by heavy BCP. The 
resulting surface is very shiny visually, but shows facets and ridges under m icroscopies. 
The height variation o f the surface can be quite large at some locations. U sually an EP of 
tens of m icrons is applied to smooth these sharp features. H ere we are looking at the 
effect o f laser polishing on these sharp features. As shown in Figure 5.14, the sharp edges 
are rounded by the laser polishing. W e noticed some fringes in the laser treated area, 
possibly caused by optical interference. Figure 5.15 shows the AFM  im ages of the 
surface before and after laser polishing. Scan area was 25 pm  x 25 pm. The PSD analysis 
in Figure 5.16 showed that the characteristic BCP straight line is significant reduced 
around the frequency o f 10'3 nm"3 after laser polishing.
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Figure 5.79. (A) Optical and (B) SEM  image o f heavy BCP niobium  surface with laser 
polished track. Laser fluence was 0.89 J/cm 2 and pulse accum ulation was 34 pulses per 
spot width.
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Figure 5.80. AFM  im age of heavy BCP niobium  surface (A) before and (B) after laser 
polishing. Scan area 25 pm  x 25 pm. Laser fluence was 0.89 J/cm 2 and pulse 
accum ulation was 34 pulses per spot width.
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Figure 5.81. PSD plot of heavy BCP niobium  surface before and after laser polishing, 
calculated from  the A FM  data in Figure 5.15.
5.3.5. Effect of laser polishing on nano-polished surface
5.3.5.1. Topography and surface roughness
Figure 5.17 shows the optical and SEM  im ages o f nano-polished niobium  surface 
w ith laser treated regions across the center. The nano-polished surface is usually prepared 
by chem ical-m echanical polishing to m irror finish and used for m etallography study. The 
RM S roughness is on the scale of a few nanom eters. Grain boundaries are barely evident 
under optical m icroscopy and SEM. Laser polishing introduced some wavy features. But 
the change in topography is not significant and the flat surface was conserved. No 
evidence of ablation was found by surface profile scan across the laser track. Figure 5.18 
shows the AFM  images of the surface before and after laser polishing. Scan area was 25
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^im x 25 jam. The PSD analysis in Figure 5.19 showed increased intensity at long 
w avelengths, in agreem ent with the w aviness seen in the images.
( B )
Figure 5.82. (A) Optical and (B) SEM  im age o f  nano-polished niobium  surface with laser 
polished track. Laser fluence was 1.0 J/cm 2 and pulse accum ulation was 34 pulses per 
spot width.
208
D i g i t a l  I n s t r u m e n t s  N a n o S c o p e
S c a n  s i z e  
S c a n  r a t e  
N u m b e r  o f  s a m p l e s  
i m a g e  D a t a  
D a t a  s c a l e  
E n g a g e  X  Pos 
E n g a g e  V  P os
2 5 . 0 0  pm 
0 . 6 2 9 2  Hz  
512  
H e i g h t  
5 . 0 0 0  um
v i  e w  a n g l e  
l i g h t  a n g l e
X  5 . 0 0 0  p m / d i v  
Z 5 0 0 0 . 0 0 0  n m / d i v
1 i  a n g - m 5 0 - r b c k g r n d l - 1 9 0 c - 2  5 u m . 0 0 0
209
( B )
D i g i t a l  I n s t r u m e n t s  N a n o S c o p e  
S c a n  s i z e  2 5 . 0 0  pm
S c a n  r a t e  0 . 6 2 9 2  Hz
N u m b e r  o f  s a m p l e s  512
I m a g e  D a t a  H e i g h t
D a t a  s c a l e  5 . 0 0 0  urn
E n g a g e  X  P os  
E n g a g e  Y  P o s
v i  ew a n g l e  
☆  l i g h t  a n g l e
X  5 . 0 0 0  p m / d i v  
Z  5 0 0 0 . 0 0 0  n m / d i v
0 °
I i a n g - m 5 0 - r i n g 2 - 1 9 0 c - 2 5 u m . 0 0 3
Figure 5.83. AFM  im age of nano-polished niobium  surface (A) before and (B) after laser 
polishing. Scan area 25 pm  x 25 pm. Laser fluence was 1.0 J/cm 2 and pulse accumulation 
was 34 pulses per spot width.
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Figure 5.84. PSD  plot o f nano-polished niobium  surface before and after laser polishing, 
calculated from  the AFM  data in Figure 5.18.
5.3.5.2. TOF SIM S analysis
Figure 5.20 shows the depth profile o f hydrogen and oxygen related species on nano­
polished niobium  surface before and after laser polishing. Figure 5.21 shows the depth 
profile o f other species such as F , C~, S i\  S , CP, AlO", PCF" (m ostly from nano polishing 
media) on nano-polished niobium  surface before and after laser polishing. The SIMS 
results from  the other nano-polished sam ples were closely similar. Sim ilar as we found 
on the CBP samples, the only evident im pact o f laser polishing is that the oxide layer 
becom es slightly thinner, the more so as fluence increases. No contam ination was 
introduced by laser polishing. N on-relevant elem ents were slightly reduced by laser 
polishing.
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Figure 5.85. SIMS sputtering profiles o f m ajor com ponents o f laser treated nano-polished 
niobium . (A) W ithout laser polishing; (B) 0.67 J/cm 2 ; (C) 0.89 J/cm 2 ; (D) 1.00 J/cm 2 ; 
(E) 1.04 J/cm 2 ; (F) 1.12 J/cm 2
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Figure 5.86. SIM S depth profiles o f other elem ents found on laser treated nano-polished 
niobium . (A) W ithout laser polishing; (B) 0.67 J/cm 2 ; (C) 0.89 J/cm 2 ; (D) 1.00 J/cm 2 ; 
(E) 1.04 J/cm 2 ; (F) 1.12 J/cm 2
5.4. Conclusion
Laser polishing with optim ized param eters w as perform ed on niobium  surfaces that 
have been prepared by several different m ethods that are currently used or under 
developm ent for SRF cavity production. They w ere exam ined by multiple 
characterization techniques. Especially in m aterials prepared by BCP, there was strong 
evidence of sharp edges, known to be associated with reduced SRF performance. Laser 
polishing rounded these and other sharp features significantly in all instances. Grain melt 
and re-grow th offers the best description o f the ch ief effect of laser polishing on surface
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grain structure. Careful exam ination o f the RF-active surface layer revealed no evidence 
o f contam ination as a result o f the laser polishing process.
The fact that laser polishing not only elim inates surface sharp features but also 
im proves surface grain structure by recrystallization m akes it a prom ising replacem ent 
for surface polishing with chem istry.
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CHAPTER 6
Summary
Steadily im proving perform ance-for-cost is needed for solid niobium  SRF 
accelerator technology. As discussed in Chapter 1, SRF cavity interior surface 
topography is a key point o f impact. Recent w ork in our group has moved us forward 
from  the day o f “sm oother is better” to a detailed description o f what “sm oother” is, how 
it may be m easured and what im pact it has. This progress m otivated the present study. 
The aim  is to advance fundam ental understanding o f the genesis o f topography by the 
present and em erging surface treatm ent technologies so as to delineate what is attainable 
presently and, by a determ ined R&D effort, in the future. As discussed in more detail 
below, the m ajor findings are:
1. BCP inherently and unavoidably leads to m icron-scale roughness for conventional 
niobium  sheet. Acceptable Qo values will require operation at surface fields 
corresponding to gradients below the upper teens o f M eV/m. Alternative chem istries 
offered no indication of im provement.
2. EP yields suitable topography, but at a polishing rate about one-tenth the rate of 
BCP and with much greater process com plexity. V arying the surface flow rate with in a 
range com patible with present technology yielded no im provem ent in rate, but no loss of 
polishing effectiveness either. Going forward, each case will require judgm ent about 
w hether the particular cavity geom etry can accom m odate the process requirem ents and
2 2 0
w hether the value o f the im proved perform ance justifies the added cost. N othing seen so 
far in the perform ance o f alternative electrolytes points to a different conclusion.
3. Laser Polishing by partial surface melting was able to produce topography 
substantially equivalent to that obtained by electropolishing. However, the LP surface is 
the result o f rapid therm al processing and may be expected to potentially house a 
population o f defects considerably different from  that o f the w ell-annealed m aterials used 
in BCP and EP. W hat consequences, if any, may result is unknown.
6.1. A ccom plishm ents
Surface polishing of niobium  is an im portant step in the fabrication o f SRF cavities. 
W e carried out a series o f experim ents searching for ways to im prove polishing 
techniques. Im provem ent in polishing techniques can be made in several aspects, 
including surface finish (topography), polishing rate, environm ental concern, 
convenience for operation, cost o f process, etc. W e adopted the new ly developed pow er 
spectral density (PSD) analysis as one o f the characterization tools to evaluate the 
im provem ent on topography.
W e investigated the possibility o f im provem ent in buffered chem ical polishing 
(BCP) and electro-polishing (EP) by varying polishing conditions. Besides further our 
understanding of polishing m echanism s, our studies also suggest ways to im prove the 
surface finish and the polishing rate for these two methods.
For potential im provem ent in the longer run, we explored laser polishing as an 
alternative to chem ical polishing methods. Laser polishing has obvious advantages in 
environm ental concern because it is chem ical free. O ur experim ents showed promising 
results in the surface finish from  laser polishing. W ith investm ent in engineering setup, it
2 2 1
has potential advantages in convenience of operation/repair and cost of process for long 
term.
6.1.1. BCP
A dvanced understanding o f the generation o f the BCP surface was gained. W e found 
that the topography strongly depend on the grain size and orientation o f the crystals. 
Evidence of different rem oval rates on different orientations was found. For single 
crystal, the height variation was not as large even after heavy BCP. Bi-crystal w ith two 
sim ilar orientations showed no evidence o f differential etching either. Therefore, the 
difference o f removal rate is the main contributor to fine grain niobium  BCP topography.
Gas evolution may contribute to some degree as well, since nitrogen oxides are 
produced on the surface of niobium  during polishing. W hen the surface to be polished 
faced downward, the chance o f getting bubble prints on the surface is higher. By creating 
relative motion between the metal and solution (stirring the solution or rotating the 
metal), the chance o f getting bubble prints on the surface is greatly reduced.
For fine grain niobium , the resulting BCP topography depends on total removal. The 
removal rate is mainly decided by tem perature and surface flow. From 0 to 20 °C, the 
removal rate increases with tem perature and surface flow  rate. The rem oval rate is less 
predictable at higher tem perature as more factors will com e into play and com plicate the 
reaction.
O ur study indicates that polishing rate can be im proved w ith BCP by using proper 
tem perature and surface flow. H owever, the topography is inherent with BCP and no 
im provem ent can be made by changing polishing conditions. Suggestions for cavity BCP 
practice, lower tem perature and sufficient surface flow should be used, because a slower
2 2 2
etching provides a better control o f total rem oval and the surface flow helps avoiding gas 
accum ulation on the surface.
6.1.2. EP
EP is well known for its sm ooth surface finish and is already providing record- 
gradient for SRF cavities, despite the much low er polishing rate than BCP. W e put our 
effort in im proving the polishing rate of EP. W e found that surface flow has some 
benefits for both polishing rate and surface roughness. In the range we studied, the 
polishing rate increases slightly with surface flow  rate, indicated by the total current even 
if we did not detect significant mass loss difference. Im provem ent is also seen on micro 
scale roughness with increasing surface flow rate. Even if the im provem ent is not 
significant, we suggest the cavity EP practice adopt sufficient surface flow to obtain this 
benefit.
6.1.3. Laser polishing
W e made a m ajor step forward by showing that laser polishing is a promising 
alternative for surface polishing. W e proved that laser polishing is capable of rem oving 
sharp features on the surface o f niobium. The optim ized laser fluence was from  0.57 to 
0.90 J/cm 2. The pulse accum ulation should be around 34 pulses per spot width and need 
to be adjusted accordingly to the fluence, e. g., higher fluence needs less pulse 
accum ulation. The polishing effect was obvious with m icroscopy and confirm ed by PSD. 
W e polished larger areas by overlapping single laser tracks. W ith a more precisely 
controlled stage, polishing areas with specific shapes is feasible.
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The polishing m echanism  can be described with the shallow  surface melting theory, 
proved by both simulation and experim ents. Only tens o f nanom eters of the top surface 
layer w ere m elted according to our sim ulation. No evidence o f ablation was observed 
experim entally from  cross section profiles. Som e evaporation is possible since the surface 
is partially melted. The sm oothing effect is more prom inent with a starting surface with 
m any sharp features. Laser polishing does not change the grain structure on a BCP 
treated surface. Reduction o f contam ination and slightly thinner oxide layer was observed 
after laser polishing. W e do not see the potential o f harm ing cavity performance from 
these findings. P roof from  RF surface resistance m easurem ent is needed though.
Using laser polishing, we successfully im proved niobium  surface topography 
produced by several different m ethods used in cavity fabrication, showing that laser 
polishing can be placed at different stages in the fabrication process. In addition to 
beneficial topography im provem ent, we also expect a quite acceptable polishing time 
from  laser polishing. W ith our current setup, a few  to tens of hours would be needed to 
cover the inner surface o f a typical cavity. W ith a larger beam  size, faster polishing could 
be achieved.
6.2. Future work
The work on laying down m ultiple adjacent tracks to cover an area needs to be 
refined and extended, but it is clearly w ithin reach to elim inate sharp topography by this 
means. The m ost important question is then: does it help? Until recently answering this 
question required making a high quality coating on the interior o f a single cell cavity, a 
m ajor undertaking. Indeed a sim ilar accom plishm ent is needed for most surface 
treatm ents, such as thin film deposition. Certainly some risk reduction is to be desired. To
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this end, a surface im pedance characterization (SIC) instrum ent has been developed. 
Briefly, it provides that a material o f interest in the form  of a 50 mm  flat disc serves as 
one end o f an RF cavity that can be cooled to below 2 K. Energy deposition with the 
experim ental material is com pared to a disc o f reference m aterial [135].
Success with flat discs will m otivate scale-up to cavities. It is needed to accurately 
deliver a suitable sequence of laser pulses to every location on the interior surface of a 
cavity. Fortunately, future inspection requirem ents create m uch o f the same need. It has 
been determ ined that it is needed to view every location as an im age and to collect white 
light interferom etry data to describe the topography. Further, it is needed to be able to 
deliver a laser beam  able to repair dam age spots that m ight be found. The machine 
(“C Y CLO PS”) is in place and is undergoing com m issioning [49]. It is not a far step to 
use it for the treatm ent purpose.
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